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POVWER STARTUP OF THE IBR-2 REACTOR AND THE FIRST PHYSICS
INVESTIGATIONS IN ITS BEAMS

V. D. Anan'ev, V. A. Arkhipov, A. I. Babaev, UDC 621.039.514.23
Yu. M. Bulkin, B. N. Bunin, V. S. Dmitriev, '

N. A. Dollezhal', L. V. Edunov, A. D. Zhirnov,

V. L. Lomidze, V. I. Dushchikov, Yu. I. Mityaev,

Yu. M. Ostanevich, Yu. N. Pepelyshev, V. S. Smirnov,

I. M. Frank, N. A. Khryastov, Yu. M. Cherkashov,

E. P. Shabalin, and Yu. S. Yazvitskii

The powerful pulsed, periodic-action neutron source — IBR-2 [1] — was constructed in the
Neutron Physics Laboratory (NPL) of the Joint Institute of Nuclear Research (JINP) at Dubna.
The reactor was designed for research in the field of nuclear physics, the physics of con-
densed media, molecular biology, the physics of elementary particles (fundamental properties
of the neutron), and also for solving various applied problems by means of neutrons.

Reactors of the IBR type have been developed in the NPL for a long time. It is well
known that modern scientific research on reactors requires a high neutron-flux density. It
is not by chance, therefore, that from the large number of research reactors a group of s0-
called high-flux reactors is distinguished, with a maximum thermal neutron flux of 10'° cm™2e
sec™! (in the Soviet Union SM-2 and the PIK .under construction, in the USA — BHFR, and in
France HFR-ILL). These reactors have a high thermal capacity (50-100 MW), with a maximum ac-
ceptable specific power of the fuel, For many technical and economic reasons, it is difficult
to reckon on a significant increase of the neutron flux of stationary reactors. For a wide
class of research, further advancement is possible by the use of pulsed periodic-— actionsources,
in conjunction w1th the time-of-flight method. The first reactor of this type with a low
initial power — the IBR-1 — was constructed ‘at Dubna by the initiative of D. 1. Blokhintsev.
Later, it was redesigned as the IBR-30, which has operated successfully up to the present

time. In its parameters and design, the IBR-2 differs considerably from its forerunner, the
IBR-30. ' '

Experience has shown that on a facility of this type problems .can be fruitfully solved
which are considered to be traditional for stationary reactors: for example, neutron diffrac-
tion investigations and investigations using the method of small-angle scattering. All the
more, this is related to the study of elastic and inelastic scattering of slow neutrons and
neutron spectroscopic investigations of nuclei. The use of a pulsed fast reactor in conjunc-
tion with the time-of-flight method considerably extends the range of slow-neutron energies
available for experiments.

The pulsed neutron flux of a reactor of the IBR type should be compared with the steady
flux in a normal reactor. With their equivalence, the reproducibility of the experimental
equipment, positioned in the beams extracted from the reactor, is found to be approximately
identical. Thus, the IBR-30 with an average power of 20 kW is equivalent in its potentiali-

-ties to research reactors of megawatt power. This was taken into account in the IBR-2 pro-

ject. With an average power of several megawatts, the pulsed neutron flux of such a reactor
should attain 10'® cm 2esec™'; i.e., it significantly exceeds the flux of stationary reactors.
In this case, the low average power, by comparison with the power of high-flux reactors, elim-

inates many technological difficulties, in the first place the rapid burnup of nuclear fuel.

Experience in the use of the IBR has allowed the advantages of pulsed sources to be bet-
ter understood, not only for research in the field of neutron spectroscopy of nuclei, but also
in the field of the physics of condensed media. Hence the origination of a number of designs
for powerful pulsed sources on the basis of an accelerator and which, at the present time,
are being built in many countries.

Translated from Atomnaya Energiya, Vol. 57, No. 4, pp. 227-234, October, 1984. Original
article submitted March 13, 1984.
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o pEressliER A APELTEEL <. ~ ol bevnTBava Lu previvus puuvrrcacious, Lor example,
in [1]. Therefore, we shall recall here only briefly the main structural solutions. The
core of the IBR-2 is charged with plutonium dioxide fuel with a total mass of ~90 kg. The
fuel elements are cooled by sodium with an inlet temperature of 300°C. The . cooling: system

is dual circuit, dual loop, with a sodium flow rate of 100 m>/h. The reactor is surrounded
by water neutron moderators (Fig. 1), which are '"scanned" by 14 horizontal channels. Two
moderators — "comb-shaped" — have an extended luminescent surface, the shape of which allows
the thermal neutron leakage flux to be increased by a factor of 2 to 3.

The power pulse is shaped by a reactivity modulator (RM), made in the form of -two coax—
ially positioned movable neutron reflectors — the main axial movable reflector (MMR), and the
supplementary movable reflector (SMR) (see Fig. 1). The frequency of rotation of the MMR is
1500 min~'. The pulse frequency is varied discretely by means of the SMR, at rest or rotating
with a low speed [2]. 1In the latter case, the pulse is developed only at the instant of time
when both reflectors are close to the core. The most important results of the power startup
:f the IBR-2 are given below, and experiments are described which are being conducted in its

eams.

Pulsed Characteristics of the Reactor. 1In 1982, the IBR-2 was brought on an average
power of 2 MW with a rotation frequency of the MNR of 1500 min~' and a pulse frequency of 25
Hz, which corresponds to a reactor pulsed power of 270 MW. The basic frequency regime of the
reactor, 5> Hz at a power of 2 MW,was achieved in 1984: The peak reactor power attained 1350
MW. The values of the principal parameters of the IBR-2, obtained at the present time, are
as follows (the error of the neutron flux estimate amounts to 20%):

Average thermal power . . . . . . . . .+ . . . 2 MW
Power per pulse ., . . . . . « « « « « « « . o 1460 MW
Duration of power pulse . . . . . . . . . . . 215usec
Background power. . . . . . . . . . . . .. .0.1M4
Duration of thermal neutron pulse in

plane moderator. . . . . . . . . . . . . 230 yusec

Thermal neutron flux density:

average with respect to time at the

surface of the plane moderator . . . . . 5¢10°% cm “esec”’
same, peak value . . . . . . . . . . . . 4°10% cm™"esec”’
at the surface of the comb-shaped

moderator. . . . +« + + v + e o v o o . . 1e10'® cm Zesec *

The power startup of the IBR-2 was conducted with a modified reactivity modulator, which
differed from the RM described in [3], in the construction of the SMR. This was done in order
to shorten the power pulse duration of the reactor ©. As is well known, © is determined in .
the following way:

O ~ (T/aw)/3, (1)

where o is the coefficient of the parabola describing the change of reactivity during move-
ment of the MMR close to the position corresponding to the maximum reactivity of the reactor,
1t is the average lifetime of the prompt neutrons in the reactor, and v is the velocity of the
MMR relative to the core. During the physics startup, it was ascertained that the value of

a, which was in essence the characteristic of the MMR, depends markedly on the geometry of the
SMR.

Replacement of the original version of the SMR made of beryllium by steel in the form
of a trident (it is shown in .the front plane of Fig. 1) allowed a to be increased by a factor
of 3. It follows from Table 1 that, taking account of the reduction of 1 in consequence of
the additional screening of the core from the external moderators, this gives a fourfold re-
duction of the ratio T/a, which is equivalent to a reduction of the pulse duration by a fac-
‘tor of 1.6, i.e., down to 140 psec instead of the former 220 usec. However, this advantage
was lost in view of the change to a reduced frequency of rotation of the MMR from 3000 to
‘1500 min~'; at the present time O = 215 * 3 psec. A reduction of © can be achieved by the
use of a RM of two lattices, rotating contrary to one another [4]. It has been established
experimentally that this modulator provides a power pulse duration of ~130 usec, with a rota-
tion frequency of the rotors of 1500 min=* [5]. :

674
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Fig. 1. Schematic diagram of the IBR-2 re-
actor: 1) axial movable reflector (MMR); 2)
supplementary movable reflector (SMR).

TABLE 1. Power Pulse .Duration for Two RM
Versions in the IBR-2 -

) 6, usec
RM version LN | -
< deg nsec | 71500 | w3000
min-1 min~
SMR with beryl- | 1,00:40,02 |80210] 360%* | 22045
lium block : ’

SMR in the form | 3,0040,06 [63+4 | 215+3 140 *
of a steel tri- :
dent

*Numerical estimate.

The measured shape of the IBR-2 power pulse is close to Gaussian and for the accepted
RM version is almost independent of the operating frequency regime of the reactor. The ratio
of the pulse amplitude to the power background, i.e., the power released between the main
pulses, is equal to 1.3e10“. Figure 2 shows the measured reactor power distribution.during
a single pulse repetition interval in the 5-Hz regime. The four additional pulse satellites
are due to the passage of the MMR by the core at the instant when the SMR is not located in
the immediate vicinity of the reactor.

The thermal neutron pulse is formed as a result of moderation of the fast neutrons in
the water moderator surrounding the core. The thermal neutron pulse duration is estimated
approximately by the formula

At=V @ETAZ, ()

where Ato is the thermal neutron pulse duration, originating from the instantaneous fast neu-
tron burst, i.e., when © ='0.  The amplitude of the thermal neutron flux 9 can be determined
in terms of the ratio of the flux, averaged over time, to the pulse duration At. The parame-
ters of the IBR-2 as a source of slow neutrons have been given previously.. Data about the-

thermal neut®on flux for the IBR-2 are based on the experimental value of the flux density &
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Fig. 2. Power distribution for a single pulse repetition interval in the 5-Hz re-
gime, with an average reactor power of 1 MW.

Fig. 3. Dependence of the reactivity p on the sodium flowrate G for a different
reactor power W. O ) W= 0; @) W =100 kW; +) W =1 MW.

Fig. 4. Spectra of the amplitude fluctuations of the power pulses S_,, transverse
vibrations of the MMR, So, and the SMR, S4, measured in the 5-Hz regime, at an
average reactor power of 1 MW and with a sodium flowrate of 80 m®/h.

at the surface of the plane moderator, averaged with respect to time, and which was found to
be a factor of 2 higher than the calculated value and equal to 2.5¢10'% cm™?esec™ at 1-MW
average power. '

Power Fluctuations and Other Reactor Parameters. The sensitivity of the periodic-action
pulsed reactor to external reactivity perturbations is determined not by the fraction of de-
layed neutrons Beff> @S 1in a normal reactor, but by the so-called pulsed fraction of delayed
neutrons B, which once again is a factor of 10 less than B.¢¢ [1]. Thus, for IBR-2, B =
1.6107" kofs in the 5-Hz regime and 2¢107° k £ in the 25-Hz regime. Therefore, the ques-
tion concerning the fluctuations of a pulsed reactor requires increased attention. With a
relatively high average reactor power, when stochastic fluctuations can be neglected, the
principal contribution to the random deviations of the pulse amplitude from the average value
is made by the vibrations of the RM and fluctuations of the coolant parameters. Fluctuations
of the parameters of other technological systems are small: their total contribution to the
reactivity does not exceed 210 ° keff‘

The measured power fluctuations of the IBR-2 are considerably lower than the maximum ac-
ceptable. 1In all the reactor operating regimes investigated, the relative standard deviation
of energy of the power pulses was found to be within the limits of 1.5-6%. The power fluc-
tuations increase with increase of the sodium flowrate and the average reactor power.

The fluctuations of the sodium flowrate do not -exceed 0.57 and are concentrated mainly
in the region of lower frequencies :(less than 1.6 Hz). Variations of the sodium temperature
at the reactor inlet are similar to the variations. of white noise, with a 'standard deviation
of 0.1°C for a power of 1 MW, and lead to reactivity fluctuations of ~2‘010_6.keff. Approxi-
mately the same reactivity fluctuations are caused by variations of the sodium flowrate, and
‘the value of the fluctuations is almost independent -of the reactor power, with a flow rate
close to nominal, Go = 100 m>/h. In particular, therefore, the angle of slope of the p(G)
curves for G ~ Go is almost identical for a different reactor power (Fig. 3).

Fluctuations due to the reactivity modulator of the IBR-2 were studied most thoroughly,
and still continue to be studied during operation of the reactor. Figure 4 shows the power

‘spectrum of the reactor and the spectra of the transverse mechanical vibrations of the MMR

and the SMR, measured in 1983 in the 5-Hz regime at a power of 1 MW. All three spectra have
a clearly defined resonance structure. The resonance peaks shown in the figure are charac-,
terized by a frequency measured in hertz, and are explained in the following way: The reso-
nance of 0.8 Hz is due to vibrations of the SMR with a frequency of -84 Hz; the resonance of
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insignificant wobbles in the transfer units of the kinematic scheme of the RM, occurring with
a frequency of 16.4 Hz. Under the resonance peak of 1.72 Hz, the frequency of the natural
vibrations of the MMR blades is masked, equal to ~51 Hz.

- No significant variations of the statistical parameters of the RM rotor vibrations and
fluctuations of the reactor power during the time of power startup were observed, although
the fast neutron fluence at the MMR blades attained 3.6¢10%° cm~?. According to the data of
subsequent measurements, the transverse vibrations of the blades of the movable reflectors
on the average (standard deviations) amount to 0.006 mm for the MMR and 0.04 mm for the SMR.
The corresponding reactivity fluctuations should be equal to 310~ keff and 4¢107°% k H
however, the total contribution of the MMR and SMR to the reactivity, according to an estimate
by measurements of the power noise, amount to ~2¢10-° kogg+ This is because the vibrationms
of the rotors of the MMR and SMR are correlated, as on meeting the latter are displaced to
different sides (they converge).

In the 5-Hz regime, both movable reflectors are rotating, and the angle § between the
and SMR at the instant of their meeting can vary with time and thereby directly affects the
reactivity and the pulse duration O, as the parameter o depends on the relative disposition
of the reflectors. In operating conditions, the angle (' fluctuates with a frequency of 0.62
Hz and a standard deviation of ~0.16°. These fluctuations have almost no effect on the reac-
tivity . The fluctuations of © also are small and amount to 0-3 usec, depending on the actual
value of the average angle of desynchronization, which is close to ''= 0 (Fig. 5).

Effects of Reactivity and Stability of the Reactor. When studying the powerful effects
of reactivity, no direct measurements of the transfer functions of the reactor were carried
out, The transient power processes after the reactivity jump were investigated mainly in
different operating regimes of the reactor. It was established that with a sodium flowrate
of more than 40 m’/h, the IBR-2 is stable at all power levels. The typical nature of the
change of power of the IBR-2, in consequence of reactivity perturbations, for a small time

‘of observation is shown in Fig. 6, in which the effect of a rapid and quite profound negative

feedback is seen clearly. With a longer time of observation, measured in hours, the effect
of a very slow positive feedback is appreciable.

The fast component of the power coefficient of react1v1ty (PCR), with a time constant
of ~10 sec, is negative and equal to approximately —1.4¢107° koge/MW [6]. The value of this
component of the PCR, due mainly to expansion of the fuel elements, coincides approximately
with the design calculations and plays the principal role in ensuring the safety and stabili-
ty of the reactor. The presence of a slow positive component of the PCR, with a time constant
~90 min, proved to be unexpected and which, in absolute value almost coincides with the neg-
ative component. It is explained by the slow displacements of the stationary reflectors as
a result of their heating up. Moreover, a negative component of the PCR is observed, with.
a time constant of several days, the representation of which can be obtained from Fig. 7.
The nature of the latter component most likely is related somehow with heating up of the re-
actor shields. '

As mentioned, with a coolant flowrate of more than 40 m®/h, the IBR-2 is stable. With
lower sodium flow rates, self-excited power fluctuations are possible with a period of -1 min
and which have the nature of autooscillatioms. However, the amplitude and frequency of these
oscillations depend on the power in such a way that their onset is possible only at low power
(less than 400 kW). 1In these narrow ranges of flow rate and power, the fast component of the
PCR is separated into two components, one of which is positive and inversely proportional to
the sodium flow rate and also the reactor power. The similar nature of the positive feedback -
was discovered earlier in the BR-5 [7], the core design of which was the prototype for the
IBR-2.

In the course of the startup experiments, other reactivity effects also were studied.
The isothermal reactivity coefficient was found to be equal to —10~* Bos /°C (Beff = 2,165
10_3‘keff). As it follows from Fig. 3, the hydrodynamic effect is negative and is due to
movement of the fuel element assembly under the action of the coolant flow. The barometric
reactivity effect, which could originate because of the presence -of gas bubbles in the cool-
ant, was not found in the IBR-2.

The effect of drinage of water from the external moderators leads to an increase of re-
activity of the reactor. The total effect of water drainage for all moderators is equal to
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Fig. 6. Variations of power W and total reactivity ¢, caused by the injection of
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Fig. 7. Variation with time of the reac-

tivity margin p of the IBR-2, after bring-
ing the reactor to a power of 1 MW at the

time t = 3 h.

18off and is explained by the entry into the core of fast and resonance neutrons from the
thermal and radiation shields of the reactor. 1In the presence of water, these neutrons are
moderated and are delayed in the absorbing screens separating the core from the moderators.

Operation of the Reactor Systems. At the time of writing this paper, the IBR-2 has func-
tioned for 250 MWedays; the maximum nuclear fuel burnup amounted to 0.57%. This small operat-
ing experience, however, allows the reliability of the reactor systems to be discussed. In
the first place, it should be noted that in the sodium cooling system of the core, there was
not a single failure or breakdown. In the period of the power startup and operation of the
IBR-2, particular attention was paid to the operation of the cooling system in emergency sit-
uations. In the design, in the case of de-energizing of the structure, connection of the cir-
culatory pumps to a safe autonomous feed source is provided for. Afrer dumping the emergency
shield, during the first 1 to 2 min forced cooling of the core is implemented with a reduced
flowrate, and then because of the natural sodium circulation, with a flowrate of 2 to 5 m3/
h. Testing of this cooling scheme showed that. cooling of the core in any cases whatsoever
takes place satisfactorily, and the nonsteady temperature stresses in the reactor vessel and
the pipelines in transitions regimes, remain within the limits of the permissible values.

The moving reflector, which is one of the most important systems of the IBR-2, is pro—
vided withsensors which constantly follow the oscillations of the rotors, the level of vibra-
tions of the bearings, and the technological parameters of the principal structural units. In
addition to this regular monitoring, a periodic analysis is carried out of the state of the
moving reflector by statistical methods, which are characterized by a high sensitivity and by
a large volume of data obtained. After more than a 2-yr period of operation of the reactor
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System in the IBR-2 and Their Causes

Cause 19%) toxi - [ 1us3 [1984+

tem:
failure in eleetrom’c 1 1 1 1
equipment
failures of control - i3 I B
and meas, equip.
pickups in electronic| _ 13 17 7
equipment

| Defects in the electrical| - 3 3 C -

. systems

Breakdowns of power

supply

‘ Conuol and safety sys-

-—

Personnel errors _— 3 9 .
Cause ambiguous 2 — 9
Average duration of 16 42 3 178

operation of reactor
between activations of
the scram system, h |

%On July 1, 1984.

TABLE 3. Utilization Time of the IBR-2 in
the Power Startup Period, h

Total on |in the 5-[In the 2540n physics
Year wer Hz re- |[Hz re- |experimen-

po gime gime tation
1981 132 34 98 —
1982 1554 755 799 © 608
1983 2088 2564 24 2315
1984 * - 2027 2027 ~- 1925
Total: 6:301 5380 921 4848

*Up to June 1, 1984.

TABLE 4. Comparison of Average Thermal Neu-
" tron Fluxes at the Sample, for the IBR-2 and
HFR-ILL .(Grenoble) Reactors

IBR=2, W = 2MW HFR-1LL, W= 56 MW =
type of spec- T, type of spec- @,
trometer cm~2.sec~1| trometer cm-2.sec-!

Diffractome- Diffractometers:
ters: D2, D8 5407
DN-2,DN=-3 | 2-107 D1, D5 D10 (6—8) 108
N§ VR' 4-108 )
Small-angle Small— angle
scattering: scattering: .
SAS 3-107— D11 95106545
4-108 D17 1108
Enelastic Lnelastic
scattering: scattering:
KORA 3.107 INS (8—1,5) 107
KDSOG 1107 IN3, IN11 (2— 1) 107
IN2, IN4, INS [ 104108
etc.

at a power of 1-2 MW, no significant deviations in the functioning of the moving reflector
have been observed.

The control and safety system of the reactor functions reliably. The fast-response
scram system, ‘tested at different power levels, is found to be within the limits of the design
requirements. However, in consequence of the compléxities of this system, there were breaks
in its operation, mainly associated with inadequate interference protection (Table 2). The
B causes of the failures, leadlng to activation of the scram system, were gradually recognlzed
= and eliminated.
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- Fig. 8. Intensity of small-angle diffusive scattering of neutrons as a function
of the square of the transmitted pulse (in inverse Angstrom units) for a solution
of 708 ribosomes of bacteria E. coli. Curves 1-4 and the different experimental
points correspond to a different isotopic (with respect to hydrogen) composition
of the solvent.

Fig. 9. Diffraction spectrum from a plane (007) single crystal of BaCo,Ti.Fez0,s
(hexaferrlte type M) at room and helium temperatures: d is the interplane distance,
A' I is the relative intensity of the neutrons scattered at an angle 2a; a) 2a =
9.6°, T = 4.2°K; b) 2a = 150°, T = 4.2°K; ¢) 20 = 150°, T = 300°K.

The radiation environment both in the reactor building and in surrounding locations
satisfies the standard requirements for radiation safety with a large margin.

Physics Investigations in the Beams. In the power startup period of the IBR-2, in addi-
tion to the startup experiments, work on the utilization of the neutron beams was carried out
in parallel: the study of their characteristics, construction of physics facilities and sci-
entific investigations on them, and improvement of the monitoring of the radiation environment
in the beams (Table 3).

The physics facilities were located in two experimental halls with an area of 30 x 60 m
each. For the scientific investigations in the beams of the IBR-2, a number of spectrometers
were installed for elastic and inelastic neutron scattering. At the present time, of-the 14
horizontal beamsof the IBR-2, eight (nine facilities) are beingoperated; four beams areat theutil-
ization stage (extracted beams have been obtained and adjustment work is being carried out).

In the future, it is planned to extract four beams beyond the limits of the experlmental hall
for the purpose of obtaining flight bases of more than 30 m..

The detailed characteristics of the IBR-2 spectrometers have been giveﬁ in a number of
publications [8, 9]. A definite idea of the experimental possibilities of the IBR-Z can be
obtained by comparing the average neutron fluxes at the sample being investigated in the IBR-2
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Fig. 10. Spectrum of the inelastic paramagnetic scattering of
neutrons from the intermetallic compound PrAl; at 80°K; E is the

imparted energy, MeV; N is the channel number of the analyzer
with a width of 128 usec; I is the count in the channel.

conditions and a high-flux stationary reactor. The comparison of the fluxes is shown in Ta-
ble 4, where data for the spectrometers in the HFR-ILL high~flux reactor are taken from [10].
It follows from Table 4 that, despite the 30-fold difference in the average powers of the re-
actors being compared, fully comparable average monoenergetic neutron fluxes are being achieved
at the point of location of the sample. It should be borne in mind, that the experimental
facilities on the IBR-2 are still not completely optimized. This apparent disparity is ex~-
plained by the fact that for one and the same requirements on the angular divergence of the
neutrons and also on the degree of their monochromatization, on the stationary reactor mono-
chromatization is accomplished by extracting from the beam only neutrons of a specified wave-
length, as a result of which the remaining neutrons in this case are not used. On the pulsed
reactor, the neutrons are monochromatized according to time of flight without any losses what-
soever, and all or almost all neutrons are used efficiently.

At the present time, the following tasks are being carried out in the neutron beams;

on the physics of amorphous systems: structural investigations of vitreous metals and
phase transitions in supercooled (vitreous) liquid crystals;

in the field of molecular biology and structure of solutions: investigations of the
structure of ribosomes, orientation of purple membranes in an electric field, hydration of
membranes, effects of contraction of immunoglobulins, the structure of hydrated polymer- coat-
ings in aqueous solutions, and the structure of solutions of strong electrolytes;

in the field of inelastic neutron scattering: investigations of the dynamics of hydrogen
in nickel, the dynamics of adsorbed gases on the surfaces of zeolites and the electromnic
structure of rare-earth alloys;

- in the field of applied research: study of the effects of the biological action of a
pulsed irradiation regime, and the conduct of the element analysis of ecological and geolog-
ical samples.

We shall present some of the results obtained on the IBR-2 spectrometers.

The method of small-angle diffusion scattering of cold neutrons is being used success-
fully on the IBR-2 for the investigation of large protein structures, conducted jointly with
the Protein Institute of the Academy of Sciences of the USSR. Ribosomes of bacteria were
grown in a deuterated medium, compensating the density of the coherent scattering amplitudes
of the protein and ribonucleic components. When varying the isotopic composition of the sol-
vent, the radius of inertia (characteristic dimension of ribosomes) is unchanged (the slopes
of curves 1-4 in Fig. 8 are identical). This demonstrates the neutron-optical uniformity of
the ribosomes investigated. Samples with a total volume of 0.6 ml with a ribosome concentra-
tion of 2.4-4.8 mg/ml were used in the experiment.
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netic single crystal had also a very small volume (4 mm’); the duration of the measurements
amounted to a total of 1 h. At T = 4.2°K, in addition to the nuclear echoes (the order of
which is denoted by figures in Fig. 9), their magnetic satellites are observed (signs + and —)
which, naturally, disappear at room temperature. An analysis of the spectrum showed that the
magnetic structure of ferrite has a spiral nature with a spiral period of ~40 X. The work

was carried out jointly with the . Institute of High-Pressure Physics of the Academy of Sciences
of the SSSR.

In the study of the compound PrAls (Fig.10), the A. A. Baikov Institute of Metallurgy,
Academy of Sciences of the SSSR, and the University of Leipzig (GDR) participated. The mea-
sured spectrumof the inelastic scattering of neutrons made it possible to select the parame-—
ters of the crystalline electric field, describing the experiment in the best way.

It can be seen from the examples given, that the investigations in the IBR-2 have already
- developed quite extensively. The future utilization of its capabilities will allow work on
qualitatively new experiments to be started, in which the specific properties of the pulsed
reactor will be used to a large degree: the high neutron flux in the pulse. Investigations
of the kinetics of phase transitions in extremely high magnetic fields, achieved by means

of pulsed magnets, investigations of the properties of nonequilibrium perturbations in solids
and high-speed processes in biological items (muscle contraction, transportation in membranes
under the action of light or electrical stimulators), are related to these experiments. These
trends, almost unattainable for normal research reactors, reflect the new fields of applica-
tion of neutrons in scientific research. The experiments conducted in the IBR-2 to search

for the axion [1l] — a new neutral particle, predicted in certain versions of the theory of
electrically weak interaction — can serve as an illustration of the uses of the pulsed source.
Axions could be generated in the absorption of neutrons by hydrogen or boron in the reactor
shield, they could pass through the shield almost without capture, and could be recorded by
the characteristic decay into two y-quanta. The pulsed operating regime of the reactor will
allow such decays to be discriminated effectively from the time-uniform background of cosmic
radiation. The experiments in the IBR-2 have proved to be several times more sensitive than
the similar experimental search for the axion in high-powered reactors, and have almost re-~
futed the "standard" model of the axion.

In conclusion of the paper, the authors would wish to stress the exceptionally important
role which D. I. Blokhintsev has played in the work of building the IBR-2, prematurely depart-
ed from us on the eve of the power startup of the reactor. Much of the creative initiative,
energy, and labor was contributed to the power startup of the reactor by the co-workers of the
Neutron Physics Laboratory of the JINR, Dubna, the Scientific-Research and Design Institute
of Power Technology, and other establishments of the Soviet Union. The authors of the paper
express their appreciation to the leading experimentors for having made available the data on
the first investigations in the IBR~2 beams.
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NUCLEAR DATA REQUIREMENTS FOR FAST REACTORS

V. N. Manokhin and L. N. Usachev* UDC 539.17:621.039.526

INTRODUCTION

Nuclear data are necessary in many branches of science and technology, primarily in nu-
clear power engineering. A system of national, regional, and international organizations
(committees and centers) has been created for the purpose of consolidating work on the col-
lection, evaluation, establishment, and substantiation of nuclear data requirements.

A system of data centers, each collecting all numerical data on neutron physics within
its area and exchanging this information with the other centers, has been in operation suc-—
cessfully for more than 15 years within the framework of the International Atomic Energy
Agency (IAEA), under the guidance of the International Committee on Nuclear Data.

A computerized world data bank of neutron data, presently containing experimental data
on the cross sections and other nuclear reaction parameters for approximately 400 elements
and tnuclides (about 3,000,000 numbers), has been created as a result of the activity of these
centers. The data bank provides a basis for organizing data banks of estimated nuclear data,
which are subsequently used either directly or in group representation for nuclear plant cal-
culations. There are presently a fairly large number of national data banks of estimated gen-
eral- and special-purpose nuclear data.

Work on data evaluation, the development of existing data banks, and the creation of new
ones is in progress in many countries and also within the IAEA framework on the basis of in-
ternational cooperation. It should be noted that further progress in experimental and theo-
retical investigationsof the atomic nucleus structure and nuclear reactions plays an important
role in this work. i

Determination and substantiation of nuclear data requirements is an important part of
the activity of the International Committee on Nuclear Data, the corresponding national and
regional committees, and the system of centers. This has resulted .in the publication of the
WRENDA international list of requirements, which includes requests for data concerning reac-
tors, the thermonuclear problem, and systems of guarantees.

With regard to fast reactors, nuclear data are necessary for understanding the physical
‘processes underlying the operation of atomic electric power plants, performing the calcula-
tions in optimizing the parameters of reactors and atomic power plants as a whole, solving

external fuel cycle problems, and deciding on alternative lines of development of nuclear en-
gineering. Nuclear data with the required accuracy are needed, since errors lead to indeter-
minacy in predicting the reactor parameters. Broad indeterminacies, in turn, lead to large
and expensive allowance margins in planning. The data accuracy must be improved still further.
On the other hand, extreme refinement of nuclear data also requires considerable investment
in experimental technique development, which is the reason for substantiating the required
accuracy of nuclear data, i.e., choosing the optimum set of (microscopic and integral) experi-
‘ ments characterized by allowable errors for determining each quantity, which would ensure the
necessary accuracy in calculating the reactor parameters at minimum cost.
|

Many authors [1-14] have considered the problem of indeterminacy of the nuclear data and
the requirements- imposed on them. This problem has been treated comprehensively in a number
of published surveys [9~11]. The problems connected with determining and meeting the nuclear
data requirements were discussed at many conferences and meetings, where methods of determin-
ing the requirements and the target accuracy of reactor parameters and characteristics were
considered, discrepancies between measurements and estimates were analyzed, and the require-
ments for reactors and other applications in science and technology were formulated.

*Deceased.
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are also held within the IAEA framework. The accuracy requirements for nuclear data that have
been elaborated in various countries and approved by national and regional committees are in-
cluded in the WRENDA international list of requirements, which is published by IAEA. The list
is revised and re-issued every two years. The list of inquiries provides a fairly complete
idea of the need for estimated nuclear data; it can be used as a guide in planning estimates
of nuclear data measurements. Approximately 1700 inquiries from 15 countries and internation-
al organizations are included in WRENDA-81/82.

The requirements for nuclear data accuracy that have been formulated by different spe-
cialists often differ considerably from each other, which can be explained by the different
approaches used in determining the requirements. Various authors make different assumptions
concerning the target accuracy, the role of integral experlments, the correlative properties
of nuclear data errors, etc.

The first step in determining the requirements is the formulation, on the basis of tech-
nical and economic considerations, of the target accuracy, i.e., the accuracy requirements in
predicting certain plant parameters, the calculation. of which requires the knowledge of nu-
clear data. The next step consists in calculating the coefficient of sensitivity of these
parameters to nuclear data variation [1l5], which provides a basis for determining the require-
ment for high-accuracy nuclear data and the requirement for nuclear data with lower accuracy.
The accuracy requirements for the estimated nuclear data to be used in calculating the reac-
tor characteristics are formulated at this stage (by reactor calculation specialists). The
error to be determined is understood as the error of estimated nuclear data, correlated with-
in the assigned energy ranges. The problem of error determination is discussed in detail in
[16]. The need for new measurements is established in the process of evaluating the nuclear
data and is formulated by data evaluation specialists. 1In order to elaborate the require-
ments for the accuracy of estimated nuclear data, it is necessary to have information on the
target accuracy and the existing level of errors in these data. Since the number of parameters
with demands on their accuracy is greater than the number of parameters whose accuracy must
be ensured, it would seem that this is not a single-valued problem. However, the requirement
for the minimum cost of the set of measurements and evaluations and also the assumptionmthat
the cost of determining each quantity depends on the error (for instance, in proportion to
l/ez) render this a single-valued problem.

It is also necessary to adopt a certain model with respect to the correlative properties
of errors. Many authors have long been emphasizing the importance of considering the correla-
tions between cross sections in determining the necessary accuracy. Surveys of the history
of this problem are given in [7, 15, 17] along with the formalism for determining the require-
ments ensuring accuracy in calculating several reactor parameters by taking into account both
microscopic and macroscopic experiments under certain assumptions concerning the correlative
properties of the errors. We can conveniently assume that the error is completely correlated
within the chosen ranges and that the errors within different ranges are independent of each
other. The use of general standards in relative measurements results in the fact that the
cross section errors for different nuclides are correlated. The accuracy requirements for
estimated nuclear data depend substantially on the assumptions concerning the correlation in-
tervals.

The following should be noted in order to understand the transition from the accuracy
of estimated nuclear data, for which the requirements have been formulated, to experimental
arrangement requirements. In order to satisfy the requirements imposed on nucleaxr data, it
is necessary to improve the accuracy of individual experiments by analyzing and eliminating
errors to the maximum extent possible and also develop new experimental methods. The fact is
that systematic errors are revealed only by comparing results obtained by means of different
methods. These systematic errors usually pertain to an energy range, rather than to individu-
al experimental points. The requirements formulated in the present article actually pertain

to these errors.

In many cases, it is entirely necessary to use integral experiments, since the required
accuracy of microscopic data may exceed the accuracy attainable in measuring them, and further
refinement could entail appreciably greater measurement expenditures. The significance of
integral experiments was discussed by many authors (for instance, [9)).

The rest of this article is devoted to discussions of the target accuracy of reactor
parameters, the magnitude of the errors incurred in estimating nuclear data, and the procedure

684

Declassified and Approved For Release 2013/02/22 : CIA-RDP10-02196R000300050004-3




Declassmed‘and Approved For Release 2013/02/22 : CIA-RDP10-02196R000300050004-3

e GvLliacy LSYULLITWSULD Wil did WiLLUUL CuuSlueldiion OI 1lntegral experi-

Target Accuracy

Effective Multiplication Constant (keff)' The fuel characteristics are determined so

that the reactor would be critical at the end of a run with the control rods withdrawn. Th-
error in calculating the effective multiplication constant or the critical mass, caused by
nuclear data inaccuracy, must not exceed 1%. This requirement is based on the possibility of
compensating the error in question without modifying the reactor design.

The indeterminacy of kogs is mainly due to the indeterminacy of the nuclear data for the
basic fissionable nuclides and structural materials. A 1% accuracy requirement for keff Pre-

supposes stringent requirements for the accuracy of data pertaining to the basic fissionable
and raw materials.

Breeding Ratio (br). The volume of uranium production and enrichment and the volume of
fuel processing necessary to keep up the supply for the developing power plants with fast re-
actors are determined by the planned pace of power plant development and the time necessary
for doubling the number of breeder reactors. The doubling time, which is inversely propor-
tional to the value of br — 1, must be known with an error of *10%. The acceptable error in

the br value is equal to *27% (with an allowance for the 10% error of the doubling time and
the 17 error of keff)'

Reactivity Variation during a Run. Changes in the reactivity due to fuel depletion and
the buildup of actinides and fission products during a run determine the requirements to be
imposed on the control elements as well as the fuel reactivity at the end of the run. The
target accuracy is #5%. 1In order to satisfy these requirements, the total reactivity of fis-
sion products must be known with an accuracy of *#10%. The reactivity variation 1ndeterm1nacy
is related to indeterminacies in the capture cross sections of the fission products in the
balance of heavy nuclei, caused by their buildup.

Reactivity of the Control Rods. The target accuracy for the reactivity of control rods
is 15%. The prevailing error amounts to £10%.

Heat Release. For thermophy31cal calculations of the reactor's ultimate power level, | !
it is necessary to know the irregularity factor — the ratio of the maximum heat release to |
the mean heat release. This quantity influences directly the top power level, since it is |
limited by the temperature of the hottest reactor element. On' the basis of economic consid- !
erations, the required accuracy is *1%, while the existing error amounts to #1%. The gamma |
radiation .of fuel elements makes a significant contribution to the heating of control rods
and of the blanket. - This makes it necessary to state the requirements concerning data on gam-
ma spectra and the cross sections of interaction between gamma radiation and the nuclei.

Radigtion Damage Effects. Radiation damage affects directly the economics, design, and
safety of nuclear reactors. The maximum irradiation depends on the radiation resistance of the
structural materials. Radiation damage causes swelling and creep in the materials along with
changes in their characteristics. In order to estimate the swelling and deformation of reac-
tor elements, it is necessary to predict radiation damage doses and dose gradients, the tem-
perature of the materials, the atomic displacement rate, and the rate of helium and hydrogen
formation. The neutron flux must be determined so that the observed changes in the properties
of materials could be correlated with the irradiation conditions. This entails the need for
in-reactor dosimetry. The accuracy requirement for predicting the fluence and the radiation
damage dose is *5%, while the required accuracy in predicting the dose and temperature gradi-
ents is *10%.

The reactivity coefficients determine the reactor kinetics. The most important parameter
connected with the nuclear safety of fast reactors is the Doppler reactivity effect, which is
primarily due to the broadening of ‘*>°®U resonances in the 0.5-10-keV range. Fissionable nu-
clides and the structural materials also provide a substnatial contribution. In order to pre-
dict the Doppler effect, it is necessary to know the resonance parameters and the scattering
and absorption cross sections, which determine the flux value in the resonance energy range.
The accuracy requirement in predicting this effect amounts to 10-15%. The existing accuracy
is close to the required one. The sodium reactivity effect is another parameter involving
nuclear safety in sodium-cooled fast reactors.
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age. The reactivity effect due to sodium loss depends on the type of fuel and its enrichment.
With regard to neutron data, the effect depends on the form of the energy dependence of the
fission and capture cross sections as well as the sodium cross sections. The accuracy require-
ments in predicting the maximum positive sodium effect amount to 10-15%, which can be achieved
mainly by improving the calculation method and, to a lesser degree, by improving our knowledge

of sodium scattering cross sections. The error in determining the sodium effect is presently
+20%.

Residual Heat Release and the Activity of Irradiated Materials. In designing reactor

scram systems and emergency cooling systems, it is necessary to know the residual heat release
from fuel elements with an accuracy to 2-5%.

Knowledge of the radiocactivity of the spent fuel, the coclant, and the strucutral mate-

.rials is important for determining the accessibility of equipment and the conditions of han-
dling thereactor parts, designing the shielding for transporting the fuel to be reprocessed,
and designing the shielding of regeneration plants. It is necessary to determine the neutron
activity of fuel, which is determined by spontaneous fission of curium isotopes and the (a,
n) reaction on light (C, 0) nuclides, which, in turn, requires the knowledge of the fission
and capture cross sections of actinides, which determine their balance in the reactor, and
the cross section of the (a, n) reaction. In order to determine the accessibility of the
technological equipment, it is necessary to know the sodium activation after exposure, which
is due to the (n, 2n) reaction, and the activation of steel components due to the (n, p), (n,
a), (n, 2n), and other reactions. The technology of producing fuel elements from plutonium
2ggained bzaghemical reprocessing of spent fuel is determined by the built-up activity of

Pu and Pu. It is necessary to know their generation cross sections. The accuracy re-
quirements in predicting the overall activity amount to 20-307%.

Method of Determining the Accuracy Requirements for Microscopic Nuclear Data

A method accounting for the correlative properties of errors based on a simple, but real-
istic, model [7] has been proposed for determining nuclear data inaccuracies that would allow
prediction of reactor quantities with the assigned accuracy. This method allows us to deter-
mine quantitatively the required accuracy.

The relative variation of the reactor parameter §C/C is expressed linearly in terms of
relative variations (8o/0),is; of type a group values of isotope i in group j with the propor-
tionality or sensitivity coe%ficients Saij>

8CIC =3 Sy, (80/0)qy;- (1)
ail

The coefficients-saij are calculated by using the generalized perturbation theory [15, 18].

In order to determine the error in the reactor parameter, an assumption must be made
concerning the manner in which the contributions of the many errors included in expressiomn
(1) are summed. If we assume that the contributions are random quantities which are not mu-
tually correlated, the variance of the reactor parameter is expressed in terms of the wvarian-
ces of the group microscopic values d as follows:

D2=t§j &0y (2)

aij

Actually, virtually any nuclear constant may correspond to two or three correlation in-
tervals on the entire energy axis, and, therefore, allowance for the correlation error is im-
portant. It has been suggested to subdivide the errors into components with different cor-
relation properties [7, 15]. There are most often three components: the statistical, uncor-
related component; the error component transmitted from the standard when the latter is used
(this component is present in the errors of all quantities measured by means of this stand-
ard); the assumed error of curve normalization, which is constant within the chosen correla-
tion interval and is caused by a possible systematic error. The §o/c value in the form of
three components is represented in Eq. (1), and the terms with equal components describing
the correlation error are combined so that the new sensitivity coefficients Zg of the correla-
tion component of error in question constitute sums of the coefficients Saij over the corre-—
latedness region. Now,
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8C/C = 3Z, (8a/0)8, . (3)

where the error components (60/0)B are assumed to be statistically independent, on which basis
the passage to expression (4), similar to the passage from Eq. (1) to Eq. (2) is effected:

D= ; Z3d3. (4)
With the left-hand side — the reactor parameter error — assigned, it is necessary to determine
the set of errors of individual quantities dé.

As stated, this is obviously not a single-valued problem; the contributions provided by
the errors of various quantities to the reactor parameter error can be distributed in differ— .
ent ways. However, it is sufficient to impose the condition of cost minimum on the set of
experiments, making at the same time the assumption of relative expenditures for measuring
various quantities with the accuracy achieved at that time and extrapolating the cost of ex-
periments as a function of the error e, using, for instance, the relationship l/sz, since
this has now become a single-valued problem.

The expression for the cost of experiments is written thus,

Ao/dh,

=

where Ag is the constant characterizing the cost of experiments in determining a quantity
with the subscript B [7]. Under the assumption of equal "breakthrough" ability of experimen~.
ters, it can be considered that equal expenditures have been incurred in achieving results
with the errors dg,, and, therefore,

Ag/df=const, B=1, ..., N.

If we keep in mind that the sought errors must be limited from above by the accuracy achieved,
the problem of planning an optimum set of microexperiments and evaluations securing the re-
quired accuracy in calculating K reactor parameters is reduced to the solution of the follow
ing extremum problem: ' )

N .
ﬂz,i Ag/d§ — min; ' (5a)
N : , :
Bé‘l Zpdy<Dy, 1=1, ..., L; (5b)
0 < di<<d},. (5¢)

In the case of a single restraint imposed on the variance of only one reactor parameter,
the problem is solved analytically [7]. An algorithm has been developed in [17] for planning
an optimum set of microexperiments and evaluations which would ensure the required accuracy
for an arbitrary number of reactor parameters; the algorithm has been expanded there to in-
clude integral experiments. When data from integral and microscopic measurements are used
simultaneously, the accuracy Dy in calculating the reactor parameter C7; with the sensitivity
coefficient Z; can be expressed as follows:

Di=Z,D (N +K)Zf, o (6)
where _
D (N + K) ={I—D (N) FT[V 4+ FD (N)FTI-'F} D (N). (7

Here, D (N) is the covariance matrix of only the microscopic experiments, F is the matrix of
sensitivity coefficients of the integral experiments used, and V is the experimental error
matrix for the integral experiments. The D (N) matrix can be rendered diagonal, where squares
of the microscopic data accuracy constitute the diagonal elements.

Consequently, the planning of the set of microscopic experiments in the case of K inte-
gral experiments can be reduced to the following extremum problem:
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621 Ag/dE — min; (8a)
ZID(N+K)ZT<D12, l=11 ceey L; (8b)
0< di<ds.. (8¢)

The sought accuracy d,” figures in constraint (8¢c) as an element of the diagonal matrix
D (N). Efficient numerical methods have been developed for solving this problem.

Required and Achieved Accuracies for Nuclear Data

According to the WRENDA international list of requirements, the accuracy of nuclear data
is characterized only by the standard deviation. The sense of the error, however, is defined
only in the inquiries submitted by the USSR. Thus, in L. N. Usachev's inquiries, it is as-
sumed that the error constitutes the sum of components with different correlation properties.
The accuracy requirements were established for the most important component of the error cor-
related over the energy range indicated in the inquiry. This error component determines the
accuracy of the integral under the curve over this interval. In inquiries concerning measure-
ments, it is assumed that standards are used — cross sections of the '°B (n, o) reaction (be-
low 100 keV) and the *3>°U (n, f) reaction. In all inquiries, with the exception of inquiries
concerning standards, the accuracy is formulated in relation to measurements with respect to
standards, the required accuracy of which has been determined separately.

The required and the achieved accuracies for microscopic nuclear data are considered.
Some of the values have been borrowed from survey [9], while the values of data accuracy for
actinides and fission products have been taken from [12-14].

Basic Fissionable and Raw Materials [9]. High-accuracy data on fission and capture
cross sections, v values for 2°°U, -°°U, “>°Pu and *?°U inelastic scattering cross sections
are required. This accuracy is determined primarily by the requirements for the prediction
of keff,(l%)'and of .the br value (2%). In the thermal range of neutron energy, the necessary
accuracy is 20.3% for v and *1%Z for o, o, 0¢s and og. The following requirements for fis-
sionable and raw materials, respectively, in the energy range of the fast-reactor spectrum
are given below (%):

'Vf 0.3 1

. :

0y, Og 13 n?
a; )
Opan 10 10

. 2
For thorium-cycle reactors, the same accuracy values are needed for *°°Th and *°°U as
238 23s
for U and U.

Structural Materials. Accuracy requirements for the nuclear data relating to the cool-
ant and the structural materials are necessary in determining the reactivity effects, the
neutron spectra, the neutron balance, radiation damage, the activation of materials, and the
heating. For sodium, it is necessary to know the scattering and capture cross sections and
have data on the capture and inelastic scattering for Fe, Cr, Ni (in the first place), Ti,
"V, Mn, Co, Zr, Nb, and Mo. The accuracy requirements amount to 5-10% for capture cross sec-—
" tions and 5% for inelastic scattering cross sections. .Data on the resonance structure of

cross sections are needed, since resonance self-screening and the Doppler effect are consid-
erable. Data on the (n, p) and (n, o) reactions are required with regard to the problem of
radiation damage and, in part, neutron economy.

Absorbers. Natural and enriched boron are used in fast reactors (tantalum is being
tested, and the feasibility of europium is under study). The following nuclear data require-
ments have been elaborated for B, Cd, Eu, Gd, Er, Hf, and Ta absorbers: 5% for the capture
cross section and *10% for the scattering cross section. Data for individual nuclides are
necessary for predicting the variation in reactivity with depletion, the activation, and the

heating of absorbers.
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radiocactive contamination (coolant activation and mass transfer of steel) in the primary cir-
cuit, the pump, and the heat exchangers and for calculating the activation of reactor parts
to be subsequently extracted, transported, stored, or reprocessed. The basic activation re-
actions are the following: °“Fe(n, p)°“Mn; °°Ni(n, p)>°Co; °°Co(n, y)®°Co; >®Fe(n, v)>°Fe;
*°Cr(n, y)*'Cr; *“Fe(n, o)’'Cr; °°Co(n, y)°°Co; °2Ni(n, Y)®Ni; *®Ni(n, y)>°Ni; *“Fe(n, y) -
*°Fe; *®Na(n, y)®°Na; “°Ar{(n, y)“'Ar. Data averaged with respect to the reactor's neutron
spectrum are also necessary. The required accuracy amounts to 10-15%.

In-Reactor Dosimetry. Dosimetric reactions are used for measuring neutron fluxes and
spectra in reactors. Knowledge of the irradiation conditions is important for interpreting
the results of irradiation experiments, predicting the activation of materials, and correlat-
ing the properties of irradiated materials with the irradiation conditions. Two basic factors
affect the properties of materials: atomic displacement and helium formation in (n, a) reac=
tions. 1In order to predict the atomic displacement rate and helium formation, it is neces-
sary to have information on the total flux, the flux spectrum, and the cross sections of the
following reactions: 27A1(n, a)Z“Na; 56Fe(n, p)ssMn; 63Cu(n, 2n)62Cu; 238U(n,.f) F.P.; )
**’Np(n, £) F.P.; *°Ni(n, 2n)°’Ni; *°7Au(n, v)'°%Au; *°°Pu(n, f) F.P. Active work within the
framework of TAEA on the selection and evaluation of dosimetric reactions is in progress, and
an international data file has been organized. ’

Transactinides. Nuclear data on transactinides are necessary for determining the stor-
age and depletion of actinides and predicting the neutron activity of the fuel. It is neces-
sary to know the cross sections of the capture and fission reactions and the (n, 2n) reaction.

Some. transactinides accumulate in fast power reactors in fairly large quantities. The
neutron cross sections of these nuclides must be known with a high degree of accuracy, compar-
able to the accuracy required for. the basic fissionable and fuel nuclides. During reactor
operation, there is a buildup of such nuclides, which, due to their relatively short half-
life and the characteristics of decay (hard gamma-radiation or neutron emission), cause most
of the difficulties in handling the fuel during its transportation and reprocessing. = Among
such nuclides are *??U, ?2°pu, ?“2Cm, and ?““Cm. The reactions essential for 2°?U formation
are ??*U(n, 2n) and **’Np(n, 2n), while the. reactions ‘important for the formation of ?>®Pu
?“2Cm, and **“Cm, are *°’Np(n, y), >“*Am(n, y), and *“°Am(n, v).

The required nuclear data accuracy for actinides was investigated in [10, 13, 14] for
the purpose of calculating their buildup. The basic results are given below.

The prediction accuracy for certain parameters, calculated by using the achieved nuclear
data accuracy is given (for the purpose of calculating the actinide buildup) in Tables 1 and
2. It is evident from Tables 1 and 2 that the achieved nuclear data accuracy for transactin-
ides does not ensure the required accuracy in buildup calculations for fast reactors. More

. . N . . 240 241
stringent requirements are being formulated for the capture cross sections of Pu, Pu,
2%2pu, and *“’Am. The requirements for the (n, 2n) reaction for 22°U, 2°’Np, and 23°pu are

essential. The achieved accuracy of fission cross sections is almost sufficient.

The required accuracy of data on transactinide nuclides is determined with a view to en-
suring the necessary accuracy in calculating the nuclide production, the neutron yield, and
the heat release in the reactor. 1In addition to the target accuracy for the buildup of a num=
ber of nuclides, also the target accuracy for the a-decay energy (5%) and for neutron emission
(10)% was considered in [14]. As a result, more stringent accuracy requirements were obtained
for the capture cross sections of **?Am, ***Am, and *“?Pu and for the *“2Cm branching ratio.

The most stringent requirements have been imposed on the capture cross sections of 2°’Np

>
242
Pu

» ““?Am, and *“'Am and the cross sections of the (n, 2n) reactions for >>’Np and *°°U.
The most stringent accuracy reﬁuirements have been formulated for the following reac-
tions: '

236

2'37"Np(n, 2n) and *°°U (n, 2n) for calculating the Pu buildup;

238U (n, 2n), *'Np (n, y) for 28Py;
242Dy (n, 7) 3Am (n, y) for 24Cm;
22Dy (n, y) for M%Am;

2‘°3Am(-n, Y), 2**Pu(n, vy), and 2“2cmBRSf for calculating the neutron production.
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L L. aAclleved (hNuillerdLor) ana xequliread
(Denominator) Accuracy of Nuclear Data (%)

. Capture Fission cross |Cross section

Nuclide crogs section|gection * lof (n, 2n) re-
. ] action -

238y 8/8 - b/4 :

239py 10/3 414 %8;51)(5\
240py 20/4 10/10 50/50
241py 20/7 8/5 50/50
242py . 50/15 30:/30 50/50
243py : 50/50 50/50 50/50
242mAm 30/20 30/30 50/50
241Am 15/15 45/15 —
242A1m 30/30 30/30 C—
‘MIAM 50720 50/50 ' —
242Cm 50/50 © 50/50 —
2Np 50/15 10/10 50/25

‘TABLE 2. Achieved and Required Accuracies
in Buildup Calculations [10] (%)

1 . Required |Achieved . Required|Achieved
Nuelide accuracy Fccuracy Nuclide |, ccuracyjaccuracy
236py 30 55 | %4'Am 5 24
::zll;u 20 60 :4:Am 20 28
u 5 12 43A1 20 59
| 1Py 4 24 242(]::\1 20 28
242Py 10 31 #iCm 30 7

. The requirements for nuclear data connected with calculation of the 232y buildup in nu-

clear reactors were analyzed in [13]. The most important nuclear constants for calculating
23 . . . . .

the 2u buildup in fast reactors are the characteristics of the reactions (n, 3n) on 234y

(n, v) on 2°°U, and (n, 2n) on 2?°U and *°"Np

s

Fission Products. In order to determine the total reactivity of fission products (with
an accuracy to 5-10%), we must know the .capture and scattering cross sections with accuracies
of *10 and +307%, respectively. It is necessary to know in detail the behavior of the cross
sections and their values averaged over the reactor spectrum.

It has been shown in [12, 13] that, if the errors of all the capture cross sections are
‘the same and equal to 30%, and if also the errors of the fission product-yields are the same
and equal to 3% (in fact, the values of most yields are known with a higher degree of accu-
racy), wecan estimate the acceptable error of the mean cross section (+7%), 1If a systematic
error of 10% is assumed in all capture cross sections of individual fission products, the
estimate of the error in the mean capture cross section of fission products amounts to *127%,
This figure also characterizes roughly the scatter of various estimates of this value.

With an allowance for the requirements imposed on the nuclear data obtained in consider
ing the problems of core physics [17], the acceptable error of the mean ' capture cross sec—
tion of fission products is equal to 10%. Assuming that there is no correlation between the
.errors of different cross sections, we can consider that the above accuracy has already been
achieved. If we assume that a systematic error is present in these errors, the maximum al-
lowable value is then 77.

It is important to determine precisely the sense of the error: Depending on the assump-
tion concerning the correlative properties of the error, two opposite conclusions are p0551—
ble. Assuming the statistical independence of the of the errors of cross sections of various
nuclides, we reach the conclusion “that there is no need to refine the cross sections of fis-
sion products, since it could be considered that a 307% error in the capture cross section for
each fission product had already been incurred, as a result of which the 10% requirement for
the accuracy of the fission pseudo product would be satisfied. However, if the errors are
correlated, this aim could be achieved by striving for an error of 7% in the cross section of
each nuclide, for which a very large amount of experimental and evaluation work would be ne-
cessary. The second assumption is probably closer to the actual situation. We provide below
a list of nuclides whose capture cross sections should be refined, which would be important
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tors. (The nuclldes are arranged in the order of magnitude of their contribution to the mean
cross section, Wthh amounts to 80%.) The contribution of any nuclide in the first group
(**3cs, 1°1Ru, °Tc, and '“?Nd) to the mean cross section amounts to not less than 5%; the
contribution of a nucllde in the second group ('°°Rh, '*°Nd, °*’Mo, '*’Sm, '°*Ru, *'Xe, °°Mo,
**Mo, *°'sm, '*°Cs, and Zr) is ‘equal to 5-2%; a nuclide of the third group *°°pd, *“'Pr,
'°°Mo, '*®Eu, '°°Ru, and '°“Pu) provides 2%; others contribute less than 1%.

CONCLUSIONS

Summarizing, we emphasize again that precise knowledge of estimated microscopic neutron
data is necessary in order to ensure the required accuracy in calculating a number of parame-
‘ters which are important for the reactor operation and decisions on promising reactor concepts,
for the technology of the external fuel cycle, including transportation, reprocessing of spent
fuel, and the manufacture of new fuel elements, and for investigating the stability of fuel
elements in relation to the neutron flux in the reactor. These requirements have not yet been
satisfied, in spite of the progress made in the field of experlments and evaluations.

It should also be emphasized that, for effective progress toward the target accuracy of
reactor parameters, it is necessary to determine the correlative properties of allowable er-
rors, which, unfortunately, has not yet been done in the WRENDA international list of require-
ments.
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MEASUREMENT OF THE FISSION CROSS SECTION OF THE “*°U ISOMER
BY THERMAL NEUTRONS

V. I. Mostovoi and G. I. Ustroev 8))] 68 621.039.512.23

The isomeric state of 2?5y (J" = 1/2%), discovered in 1957 {1, 2], is unique in its ex-

traordinarily low energy, equal. to 76.8 eV [3]. In the ground state (7/2°), the isomer trans-
forms by means of internal E3-conversion in the outer electron shells, with a half-life of

~26 min. This mechanism of deexcitation specifies the dependence of the half-life and the
spectrum of the internal conversion electrons on the nature of the chemical bonds of the uran-
ium atoms.

Information about the fission cross section of the 2%°U isomer is of interest for the

channel concept in the theory of fission. It may prove to be important also for the proposed -
plasma reactors, with a plasma temperature of a few tens of eV, in which the isomer will be
almost stable.

. . . m . . . . . . 23 . .
The main difficulties in measuring the fission cross section of the °U isomer are due

to its ultrasmall quantity and its short lifetime. At the present time, the realistic method
of obtaining the isomer is the collection of recoil nuclei during the g-decay of 2*°Pu. For
this, because of the relatively large half-life of plutonium, and also the small energy of the
recoil nuclei (~90 keV), it is necessary to use thin layers of plutonium of large area (~1 m )
and to collect the recoil nuclei on very small targets, in order to obtain:an acceptable ra-
tio between effect and background. The collection of the recoil nuclei of the isomer is ac-
complished by means of an. electrostatic field in a facility containing 90 mg of plutonium.

The facility, with a .collection factor of 60%, allowed targets to be obtained containing ~10
ng of the isomer of an area of 0.2 cm®. Simultanecusly, nuclei of the aggregation sputtering
of plutonium were accumulated on the target and which were the main source of the background,

The prepared target with the isomer and the control target with *°°Pu were placed at the
center of the F-1 reactor and, after bringing it to full power (thermal neutron flux 0.7¢10%°
cm‘z-sec‘l, effective temperature of the neutron spectrum 360°K), the total number of fission
fragments versus the time was recorded with semiconductor breakdown detectors [4] in two in-

tervals.

Figure 1 shows the dependence of the number of fission fragments recorded on the time,
for. one of 15 series of measurements. The upper curve characterizes the first interval, the
origin of which is displaced relative to the end of buildup by 13 min (the time necessary for
transportation of the sample from the facility to the reactor and for startup of the reactor).
The lower curve relates to the second interval, which is started 6 half-lives after completion
of the buildup. At this time, the isomer in the target had decayed almost completely and it
contained only nuclei of *2°U and 22°py in the ground state. The fission effect of the iso-
mer is clearly seen in the figure. That the observed difference in the total count is due
only to fission of the isomer was confirmed in special experiments which showed that durlng
the time of measurements, no desorption of the isomer in the target occurs and that the effi-
‘ciency of the detectors does not vary appreciably.

. . . 235 . m
In order to determine the ratio of the fission cross section of the U isomer (of ) to

its fission cross section in the ground state by thermal neutrons.(ofg),'the expression

Translated from Atomnaya Energiya, Vol. .57, No. 4, pp. 241-242, Octoeber, 1984.  Original
article submitted May 8, 1984.
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Fig. 1. Total fission fragment count I_.: @) from the sample
containing the *°°U isomer; O) from the sample with the de-
cayed *°°U isomer. Time of buildup in the sample of 2°°U iso-
mer to = 50 min.
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was used, in which only.parameters measured in the given experiment occur. Here I ™ and I
are the total fission count (after.subtraction of the background from the backing and detec-
tor) from the target with and w1thout the isomer, respectively; IfM is the total fission
count from the control target with Pu, N° is the number of ta ’Pu nuclei in the target with
the isomer; N,° is the number of *?°Pu nuclei in the control target; e is the fission frag-
ment recording efficiency by the detector for the target with the isomer; VeM is the fission
fragment recording efficiency by the detector for the control target; to is the time during
which the isomer built up; t,; =-to + 13 is the time of start of recording of the fissions
from the target with the isomer (start of first interval); t, is the time of completion of
recording of the fissions in the target with the isomer (end ‘of first 1nterval)- Ap is the
decay constant of the *3°y isomer; and At = t, — t; is the duration of the measurements. The
values of If .- f’ and Igy refer to one and the same measurement duration At.

The background from the target backing and the detector was measured perlodlcally between
series and was constant (0.98 min~'). Depending on the time of buildup to, it amounted to
6-12% of the total count IfIn and If. The same background for the control target was negli-
gibly small.

The recording efficiency of the fission fragments by the detectors (g and ey) was deter-
mined before the start and after completion of the measurement of each serles, by means of a
calibrated fission fragment target of 2°2Cf. The number of nuclei N° and NM of plutonium in
the targets was calculated from the data of a-spectra measurements.

From the data of the measurements made, the required ratio is equal to

m

=2.2 4+ 0,4.

The result obtained confirms with a high probablllty that the fission cross section of the
?2%y isomer. in the thermal neutron energy region is determined by the level of the compound
nucleus with spin 0.
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COMPARATIVE ANALYSIS OF ESTIMATES OF NEUTRON RADIATIVE CAPTURE
CROSS SECTIONS FOR THE MOST IMPORTANT FISSION. PRODUCTS

- T. S. Belanova, L. V. Gorbacheva, UDC 539.172:621.039
0. T. Grudzevich, A. V. Ignatyuk,
G. N. Manturov, and! V. I. Plyaskin

At the present time there is a very urgent development of reliable estimated data for the
fission products which determine the poisoning of a fast reactor core and the activity of
spent fuel'. An estimate of the neutron radiative capture cross sections in the energy range
from 1 to 10> keV is of the greatest practlcal interest. There are many estimates of the cap-
ture cross sections, the most complete of which are the Japanese Evaluated: Nuclear Data Li~-
brary (JENDL-1) [1] and the Evaluated Nuclear Structure Data File (ENDF/B. IV) and its revised
version ENDF/B’V’[Z], Kikuchi et al. [l]} compare: the JENDL-1 values for the main fission
products with: those of other laboratories. The considerable differences in the various. es-
timates of the capture cross sections for many nuclides show up particularly clearly in the
light of new experimental data obtained after the estimates were made. The capture cross sec—
tions for the odd nuclides of samarium, neodymium, and europium were revalued [3, 4], and
the molybdenum isotopes were analyzed in [5].

In the present article we analyze the estimates and data for the rest of the most impor-
tant fission products [1, 2]. We divide them into the following three groups: 1) the nuclides
99 101,102,1010 103 105 109 133 . . - .

Tc, Ru, Rh, Pd, Ag, and Cs, for which there are direct experimental
data on the average neutron capture cross sections; 2) the nuclides *°7Pd, *?°I, '*'Xe, and
1“7Pm, for which there are no data on the fast neutron capture cross sections,. but for which
there is experimental information on the average resonance parameters; 3) the nuclides ®°Zr,
**Mo, 19%Ru, '**Cs, and t4%Ce, for which there are no data on the average neutron capture

cross sections or on the average resonance parameters.

Nuclides of the First Group

" The large amount of new data published during the last five years [6-17] is characterized
by an increased level of experimental technique, more accurate methods of taking account. of
effects accompanying neutron capture, and the reliability of the absolutization of the cross
sections. All the measurements were performed by the time-of-flight method at linear or elec-
trostatic accelerators. The detectors used were large-~volume nonhydrogenous liquid scintil-
lators. The relative efficiencies of the gamma detector and neutron. flux monitor in most mea--
surements weredetermined by the saturated resonance method, either at low-lying levels of the
nuclide under investigation, or at the 4.9-eV gold resonance. Table 1 shows the characteris—
tics of these experiments. The errors in the cross sections (5-107%) obtained in measurements
at linear accelerators are due mainly to the errors in determining the fast neutron back-
ground. The different methods of taking account of this background are the cause of the sys+
tematic divergences (10-30%) [11, 12] in the cross sections. Moreover, the particular meth-
ods of taking account of the background above 100 keV contribute to an increase of the cross
sections by 20-35% {6, 7, 11, 13]. The estimate included data from [18-33] published up to
1978. The observed discrepancies in these data, as explained, were due most often to the
choice of different standards and normalized cross sections, -and more rarely to errors in
the experiments themselves. The cross sections of *°?Rh [19-23], *°°Ag [23, 24], and 133¢cs
[25] were reevaluated to match the standard cross sections taken from ENDF/B V.

Only renormalized data were used in the relative analysis. It should be noted that from
an analysis of the experimental data for certain nuclides over the whole neutron energy range
from 1 to 1000 keV the use of JENDL or ENDF/B values can be recommended. This information is
given below. ' In these cases the differences between the experimental and estimated values do
not exceed 10%. The cross sections of the remaining nuclides were reexamined, taking account

Translated from Atomnaya Fnergiya, Vol. 57, No. 4, pp. 243-249, October, 1984. Original
article submitted May 14, 1984. :
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0
§~Iuclide K, keV I;I:l;lr:gn Gamma detector | Flux monitor Standard Comments Ref.
QO .
B 9Tc | 2,65--200 | ORELA C,F,, LLSD 5Li (n, ) SRM 1w7Au | Absolute measure-| (5|
101,102y [ 2,6—600 | ORELA Cels, LLSD Li(n. a)up to [ SRM 197Ay | Absolute measure-| {7]
104Ru 70 keV ments renormal-
2350 (n, flabove ized to match
70 keV 1]
103K 2,6—600 | ORELA CgFy, LLSD SLi (n, @) up to SRM 197Au The same 17
70keV |
257 (n. flabove
70 keV
10—70 |Van de Graaff |Moxon—Rae de- - 197Au (n, v) Relative measure- | (8]
accelerator tector ments
(KFK)
500—3000 {Van de Graaff |Nal Long counter — Absolute measure-| [9]
accelerator ] ments
500—4000 |Van de Graaff |LLSD Gray detector %7Au(n, y)  [Relative measure- | [10]
accelerator ments
(ANL)
105pq 2,6—750 | ORELA C.Fg,LLSD SLi (n, o) . - Absolute measure- | [11]
. ments
1—300 | LINAGC (Geel) |CgFg, LLSD 198 (n, @ y) SRM at - - |The same (12
55.2-eV re- :
sonance
3—200 | ORELA CgFg, LLSD $Li (n, ) SRM 17Ay  |Absolute measure-| [13]
. ments renormal-
ized to match
{11]
1097 o 3—2000 | ORELA CeFg, LLSD SLi (r, y)up to SRM 1977y Absolute measure~| |14]
100 keV, ments
235U (n, flabove )
100 keV _
3,2—700 | LINAC (JAERI)| C4F,, LLSD B (n, ay) SRM 197Ay  |The same [17]
133Cg 2,7—600 ORELA Cgls, LLSD WE.(n, ay)up to | SRM 1%7Ay Ditto [15]
100 keJ, )
235 (, f)above
100 keV _
3,2—270 | LINAG (Kyoto) | C4F,, LLSD LB (n, ay) Ony (24 keV) = [Relative measure- | {16]
=630mb t ments

*LLSD, large liquid scintillation gamma ray detector; SRM, saturated resonance method.
t1 b = 107%° n®,

of the new experimental data. The Hauser—Feshbach—Moldauer relations were used in the analy-
sis of the energy changes of the average capture cross sections. The neutron and radiation
strength functions appearing in these relations were determined from conditions of optimum
description of the set of data assumed [3].

We proceed to a discussion of the data on each nuclide.

°°Tc. The experimental data cover the neutron energy range from 0.5 to 2000 keV [6,
18, 26, 27]. 1In the energy range from 3 to 80 keV the data of Macklin [6], Chou [18], and
Little [26] agree with one another to within 5-10%. Above 80 keV the only data are in [6].
The ENDF/B V estimate below 80 keV follows Little's values [27], which are 20-25% higher than
those in [26]. Above about 500 keV the ENDF/B V values are appreciably lower than Macklin's
results [6]. The JENDL-1 estimate below 100 keV corresponds to the lowest experimental data
of Chou [18] in this range, and in the range 400-1000 keV it is higher than all the existing
experimental data. The ENDF/B IV estimate is below the JENDL-1 estimate over the whole en-
ergy range. Our calculated curve of the capture cross section above 100 keV was based on
Macklin's data [6], and up to 100 keV passes between the JENDL-1 and ENDF/B V estimates.
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Fig., 1. Recommended curves of estimated neutron capture cross sections for fission
products of the first group.

There are just two publications for the nuclides *°'*'°23*°“Ru: Hockenbury [28] in the
-energy ranges 6.5-30 and 49-71.2 keV, and Macklin [7] in the energy range 3-700 keV; their
values differ by 10-40%. Since there is no information in [28] on the sources of errors, the
corrections, and the absolutization of the cross sections, we used only the data in [7] in
estimating the cross sections.

'°1Ru, The ENDF/B V values agree with Macklin's values [7] within 5-10%, but are sys-
tematically above them in the range 4~400 keV. The JENDL-1 and ENDF/B V estimates in the
range 20-400 keV agree within 5%. The ENDF/B IV estimate lies below the JENDL-1 and ENDF/B V
values by 15% and more. Our recommended curve corresponds to the experimental results in [71.

192pu. In the energy range 5-700 keV the ENDF/B V cross sections agree with the experi-

mental data in [7] to within 5% on the average. Below 5 keV there is a sharp decrease of the
cross section, which at 2 keV is ~30% below Schuman's value [29], and does not join with the
resonance region. In view of this, we revised the. cross section in the range below 5 keV,
and took the ENDF/B V estimate above 5 keV.

*°“Ru, We recommend the JENDL-1 estimate, which agrees better with Macklin's data [7]
(the dlfference does not exceed 3<5% on the average).

103Rh. As a result of the renormalization of the experimental data in [19-23] we made
the following changes: Fricke's values [19] below 80 keV were decreased 10% on the average
Cox's values [21] were decreased 7-18%, theDiven data [22] were decreased 9%, and Weston's
[23] by 14-18%. Above 60 keV the published data in (7, 9, 10, 21, 22, 23, 30] agree within
3-10%. Below 60 keV the data in [7, 33] exceed the values in [8, 19, 23, 30, 31] by 10-25%
(within each group the agreement is 5-10%). In this energy range the ENDF/B V values agree
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Above 4U kev the JENDL-L and ENDF/B V estimates agree with one another and with the published
experimental data to within 5-77. The ENDF/B 1V data are systematically lower by 7-10%. 1In
the energy range from 40 to 1000 .keV we took the ENDF/B V estimate. Below 40 keV there were
not sufficiently strong reasons for preferring either of the two sets of data, and therefore
our recommended capture cross section curve was drawn between them.

'°°Pd. The published experimental data [11, 13, 33] agree within 5-8% on the average.
Musgrove's results [13] are systematically lower than Macklin's values [11] by 7-12%. This
difference disappears if the data of [13] are corrected by 11.3%, as justified by Macklin
[11]. Macklin's values [11] and those of Cornelis [12] agree within 5% on the average. The
JENDL-1 estimate is systematically below all the data by 7-20%. The ENDF/B V estimate below
40 keV and above 300 keV agrees with experiment within 5% on the average, but in the range
40-300 keV the values are 10-207 lower than those of Macklin [11] and Cornelis [12]. The
ENDF/B IV values are systematically higher than those in ENDF/B V by 10% and more. Our re—
commended cross section curve is based on the optimum description of all the published exper~
imental data.

'°°Ag. The cross sections reported by Weston [23] an V. N. Kononov et al. [24] were
renormalized: Weston's values were decreased by 30%, and those of Kononov et al., were in-
creased by 10-34% in the range 30-170 keV. The data of [23, 24], renormalized to the new
standards, agree with Macklin's results [14] and those of Mizumoto [17] to within 5-15%. The
JENDL-1 values are higher than the -data analyzed in [14, 17, 23, 24, 31], and the ENDF/B IV
values pass through the unrenormalized data of Kononov et al. [24] and lie below Macklin's
values [14]. In the 100-keV region the difference between them is more than a factor of two.
The ENDF/B V values lie between them, but above Macklin's data [14]. Our recommended capture
cross section curve passes through Macklin's data [14].

133Cs, .As a result of renormalization, the data of [25] were decreased by 3-10% in the
energy range 10-170 keV, but remained on the average 257 above the remaining experimental
data [15, 16, 29, 31], which agree with one another within 5-9%. The JENDL-1 values are well
confirmed by these data, differing by no more than 5-10%, but the ENDF/B IV and ENDF/B V wval-
ues are systematically higher. Preference was given to the JENDL-1 estimates.

The experimental data together with our recommended estimated curves for the nuclides
discussed above are shown in Fig. 1.

Nuclides of the Second and Third Groups

Since there are no direct experimental data on the average neutron radiative capture
cross sections of the nuclei of the second and third groups listed above, cross section es—
timates can be based only on theoretical calculations. For neutron energies up to ~50 keV
the main contribution to the capture. cross section comes from s and p neutrons.. Since the
neutron width corresponding to the elastic scattering channels in this region considerably
exceeds the radiative width, and the inelastic scattering channels are still closed, the
Hauser—Feshbach—Moldauer relations can be transformed into the simple approximate formula

21ily

om En) ~ Br o, b

where %, 1is the neutron wavelength, Io is the spin-of the target nucleus, FY is the average
value of the radiative width, Do is the mean distance between neutron resonances, and F is
the correction for the fluctuation of the width. It is clear from this formula that the
capture cross sections are determined mainly by the radiation strength function or the ratio
I /(2I, + 1)Do, whereas in the first approximation the energy dependence of the cross sec-
t{ons is due to the changes in wavelength of the incident neutron. A quantitative descrip-
tion of the capture cross sections is always better made by using relations of the statisti-
cal .theory of nuclear reactions. It is important to keep in mind. However, that even in
this case the calculated values will be determined largely by the assumed values of the ra--
diation strength functions,

Table 2 lists the average values of the resonance parameters used in the ENDF/B IV and
JENDL-1 estimates and recommended in later analyses of neutron resonances [34-39], The main
disagreéments of the results -of the analysis of the radiation  strength functions as a rule
are connected with the value of Do. As a result of the development of new methods of deter-
mining Do which combine probabilistic estimates of missed resonances with direct experimental
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~«+ Avelrage nesoudice rarameters or
Nuclides of the Second Group

Nucleus Estimate Dy, eV | Ty MeV 'Sv, 1074
1w7pd, | ENDF/B IV 10,3 140 136
) =5/2 | JENDLA 10,0 140 140
Mughabghab {34] | 1543 | 125+13 | 93,3
Bomfazzn {35} 11,3- 125 110
1291 ENDF/B IV~ | 274 | 17 | 42.7
| L=7/2 | JENDL- S0 | 100 | 476
: Mughabghab [34] 4049 > | —
. Fort [36] - 3047 — —
B1Xe, | ENDF/B IV . 58,5 147 20
- Iy=3/2 | JENDL-1 33,2 114 34,3
Mughabghab [34] | 701-20 | 120420 17,14
Frohner [37] 4844 — =
Ribon [38] 58 113 23,1
- uPm, | ENDF/B IV 6,6 68 | 103
=7/2 | JENDL- 4.7 66 140
Abagyan [39] 3,7 | 69 | 186
Fort™[36] 5,04+0,8 — —
Fréhner [37) 5,8+0,5 — —

*Radiative width obtained only for negative
resonance [34].

TABLE 3. Cross Sections for the Captureﬁof
30-keV Neutrons by Nuclides of the Third
Group

Neighboring nuclei whose cross.

Spyr
Nucleus ny b | oo ctions were used

937y 120 | 91Zr.92zrpozr

99Mo 400 87Mo (*8Mo/*¢Mo +1°°Mo[99Mo)/2
106R 110 104Ry . 108 P /106 Py

1291 320 - 127],125T o123 g

185Cg 118 - 133(p (135Ba+135Ball37Ba)/2
144Ce 36 1420,. ““Nd/l“Nd

N

information on the number of observed resonances, we consider the results in [35-38] more re-
liable. Therefore, in calculating the neutron capture cross sections we used the resonance
parameters of Bonifazzi et al. [35] for 197pd, the parameters of Ribon [38] for 131%e, and
the values Do = 5.0 eV [36] and T. = 69 MeV [39] for **’Pm. Our capture cross section curves
are shown in Fig. 2a together with the JENDL-1 and ENDF/B V estimates. Since the errors in
the determination of Do for ‘*°I are appreciable [34, 36], and the data on T'_ are not very
reliable [34], it is expedient to comsider this nuclide together with the fission products

of the third group.

Since there are no experimental data on the capture cross sections and the radiation
strength functions, the only possible method of estimation is a theoretical or empirical sys-
tematization of the existing data on neighboring nuclei. Figure 3 shows the dependences of
the observed average 30-keV neutron capture cross sections and the resonance values of T /
(21, + 1)Do on the number of neutrens in the target nucleus. The appreciable similarity of
the isotopic dependences of the capture cross sections and the ratio I'_ /(2I, + 1)Do confirm
the validity of the simple approximation formula given above. The iSOXOplC dependences for
the neighboring elements with the same parity of the number of nucleons are also similar,. In
the present state of the data this similarity can serve as the soundest criterion for estimat-
ing the capture cross sections of the third group of nuclides we are interested in, - :
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Fig. 2. Neutron capture cross sections for fission products
of the a) second and b) third groups: ) our estimate;
————— ) JENDL~1; —e—+—e+—) ENDF/B V.

TABLE 4. Neutron Capture Cross Sections Av-
eraged over the CFRMF Fast Reactor Spectrum,

Experiment >
- o" oL |87 §
Ed m . -t f « m —
E 1| = |E5|E2|E5] ¢ | .
> - |8 k= - ] 5]
2| 5| 5|35 |54 |85 & 3
°Tc 10,267 | 15 [0,278 |0,333 [0,320] 0,348 | 1,31
102Ry 0,068 6.6 [0.125 |0,141 [0,101] 0,102 | 1,15
18R 0,376 | 24 [0,421 [0,391 | — {0,405 | 1,08
104y 0,0826| 6,3 [0,0877)0,100 {0,083] 0,100T | 1,24
1940 10,507 | 9,7 10,306 0,544 |0,4501 0,408 | 0,80
1o (0484 | 6.6 [0,233 10,276 [0,196] 0,208 | 1,14
133Cg (0,276 | 6,6 [0,302 10,292 [0,285] 0,292 1 | 1,06
mipr 10,073 § 15 {0,402 10,0823 0,080} 0,0 1,16
wipmloest | 13 10,777 10,743 | — | 0,743F | 1,16
IRy (2,39 | 5,8 (2,28 (2,12 [2,31 | 2,80 1,17
1s8Ey 1145 | 7.0 .42 11,41 1,44 | 1,70% |17

*Ratio of calculated to measured cross sec-—
tion.

TJENDL-1 estimate.

Estimate in [4] was used.

The results of such an empirical estimate of the capture cross sections are listed in
Table 3. The cross sections obtained are also shown in Fig. 3 together with the ENDF/B V

and JENDL~1 estimates. A comparison of the various estimates with the observed isotopic de-
pendences of the capture cross sections shows that for most nuclides of the second and third
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Fig. 3. @) Systematics of isotopic dependences of 30-keV -neu-
tron' capture cross sections; O) resonance values of I‘Y/(ZIo +
1)Do. Estimates for fission products of the second and third
groups: ®) JENDL-1l: ©) ENDF/B V; *) our values.

groups .the JENDL-1 estimates represent the upper bound of ‘thé possible values of the capture

cross sections, whereas the ENDF/B V values do not always underestimate them. The capture
cross sections listed in Table 3 were used to normalize the theoretical calculations of the
corresponding cross sections. The neutron capture cross sections in the energy range from 1
to 1000 keV obtained in this way are shown in Fig. 2b. It can be seen that the differences
between our estimate and those of ENDF/B V and JENDL-1 over the whole energy range are due
mainly to the differences in the estimates of the 30-keV neutron capture cross sections,

In the absence of experimental data it is difficult to give a well-substantiated deter-
mination of the error of the cross section estimates. On the basis of the spread of the es~
timated values, the systematic error of the capture cross sections is ~30% for fission prod-
ucts -of .the second group, and not less than 50% for the third group, These errors are much
larger than the admissible errors #(10-15%) of the estimates of the capture cross sections of
fission product nuclei [40], and therefore it remains very urgent to perform experimental
tests of the estimates for nuclides of the second and third groups,

Comparison of Estimates with Integral Values

‘The average cross sections for certain nuclides have been measured with the CFRMF reac-
- tor spectrum [41] (Table 4). Our values and the ENDF/B V estimates on the whole agree better
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and the calculated ~10-15%, and therefore the existing divergence lies within the limits of
computational and experimental errors. One reason for the observed differences is the fail-
ure to take account of resonance self-shielding in either the experiment or calculation.

The rather large difference for °°Tc should be noted. The latest experimental differ-
ential values for this isotope indicate an increase in the cross section [6], while the re-
sults of integral measurements show the opposite trend. For 1°9Ag the integral values are in-.
consistent with the latest differential measurements [14], which caused a decrease of the
cross section. - Since the calculated value is lower than the experimental by ~20%, the intro-
duction of the correction for resonance self-shielding increases the difference.

CONCLUSIONS

We have reevaluated the neutron capture cross sections of the most important fission
products in the neutron energy range from 1 to 1000 keV, taking account of the most recent
experimental data. We also used all the available earlier measurements, part of which we re-
normalized to contemporary standards. The consideration of all the data which agree within
5-10% ensures estimates of high reliability. '

The analysis of the experimental data and the theoretical description of the cross sec-
tions using the method of maximum probability show that the current accuracy of the estimates
of the neutron capture cross sections of fission products of the first group in the energy
range from 1 to 1000 keV is 10-15%. Since this accuracy satisfies the requirements for the
estimate of fission products [40], we recommend the inclusion of our results in the file of
cross section values of the respective nuclei.

A correct comparison with integral data requires taking account of the effects of reso-
nance self-shieldingof the cross sections. A preliminary comparison with integral data shows
that it is necessary to reconcile the differential and integral measurements of the °°Tc and
'°%Ag cross sections.

It is difficult to determine the errors of the recommended cross sections of fission
products of the second and third groups, for, which there isno direct experimental information’
on the average fast neutron capture cross sections. The possibility of an experimental test
of the cross section estimates should be investigated. This question is particularly urgent
for '°7pd, '®*'Xe, and 135¢cs, which belong to the first half of the list of the most important
fission products.
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ABSOLUTE MEASUREMENTS OF THE 23%Ppu FISSION CROSS SECTION
FOR 8.5-MeV NEUTRONS

R. Arlt, H. Bohn, W. Wagner, M. Josch, UDC 539.173.4
G. Musiol, H.-G. Ortlepp, G. Pausch, :
K. Herbach (GDR), I. D. Alkhazov, E. A. Ganza,
L. V. Drapchinsgkii, V. N. Dushin, S. S. Kova-
lenko, 0. I. Kostochkin, V. N. Kuz'min,
K. A. Petrzhak, B. V. Rumyantsev, S. M.
Solov'ev, P. S. Soloshenkov, A. V. Fomichev,
and V. I. Shpakov (USSR)

Since 23?°Pu is the basic fissionable isotope in fast breeder reactors, its fission cross
section should be known within *#2% over a wide range of neutron energy.. Although the pub-
lished error of the latest estimate of this cross section.[1] is #3% in the neutron energy '
range up to. 5 MeV; and 4-4.5% for higher energies, the current experimental data differ by
10% and more. The overwhelming majority of the experimental data on the 23°py fission cross
section were obtained in measurements relative to the standard value of O¢ of 2°%U, and ab-
solute measurements have been performed in only a few cases [2-4].

As a result of the meeting at Smolenits from March 28 to April 1, 1983, the IAEA Con-
ference on the Standard Value of O for *?°U recommended the time-correlated associated-
particle method (TCAPM) as the most promising way of increasing the accuracy of the fission
cross section data. Such measurements have already been -performed for *°°Pu using 14-15-MeV
neutrons [5, 6]. We have measured the 23%p, fission cross section for 8.5-MeV neutrons by
this method. The measurements were the joint effort of the V. G. Khlopin Radium Institute
(USSR) and the Dresden Technical Univeristy (GDR). The work was performed at the Tandem gen-
erator at the Central Institute of Nuclear Research in Rossendorf (GDR).

Translated from Atomnaya Energiya, .Vol. 57, No. 4, pp. 249—251, October, 1984. Qriginal
article submitted May 23, 1984. v - :
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Fig. 1. Schematic diagram of experiment: 1) fission ion-
ization chamber; 2) associated-particle channel telescope;
3) deuteron beam collimator; 4) neutron cone.
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Fig. 2. Amplitude spéctrum in the
associated-particle channel.

Since the TCAPM was described in detail in [5], we dwell here only briefly on its prin-
ciple. A schematic diagram of the experiment is shown in Fig. 1. The neutrons were produced
"in the reaction D(d, n)>He by using 9-MeV deuterons. The associated helions were recorded
by a detector at an angle of 42° with the deuteron beam. The neutrons emitted at an angle
of 55° with the beam bombarded the *°°Pu target. Fission—associated-particle coincidences
were recorded. The cross section was determined from the relation

Oy= Nc/Archv

where N is the number .of helions recorded, N, is the number of doincidences, and n is the

number of *?°Pu nuclei per cm® of the target.

The experimental data were corrected for: the background in the associated-particle
channel, the background of random coincidences, the distortion of the neutron flux as a re-
sult of absorption and scattering by structural materials and target backings, and the effi-
ciency of recording fissions.

The most difficult problem was the recording of the associated particles. The target of
the tandem generator — the neutron source — was a deuterated polyethylene film 1-2 mg/cm2 in
thickness. The helions were recorded against the background of scattered deuterons and alpha
particles from the (d, o) reaction on the carbon of the target. The spectrum in the associa-
ted-particle channel is shown in ‘Fig. 2. The helions were recorded with a AE—E, telescope of
two completely depleted semiconductor detectors 10 and 40 pg/cm2 in thickness. The two-di-
mensional spectrum in AE—E, coordinates is shown in Fig. 3. The helions were separated by
using a fast-acting analyzer with an analysis time of ~200 nsec [7]. The background in the
associated-particle channel was determined by replacing the deuterated polyethylene by ordi-
nary polyethylene. The background of random coincidences was found from an analysis of the
fission—associated-particle time spectrum.
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‘Fig.'3. Two-dimensional spectrum in
AE—Ey.coordinates in the associated-
partiéle channel: ——---) ;recorded
part of spectrum.

TABLE 1. Corrections and:Component Errors
-of "the Result of Measuring of of 23%py, %

‘| Correc~ ‘Error .

Effect tion
Statistics of coincidences - 2,5 .
" |Random coincidences 3,01 0,5 !
.}Background:in -associated-particle channel | 1,35 0,4
Extrapolation of fission fragment 1,52 0,5
energy to zero
- {Absorption of fission.fragments in layer 1,22 0,3
Neutron flux distortion 0,23 0,12
‘|Uniformity of layer in targets — 0,5
Total error of result - 2,7

The distortion of the neutron flux was calculated by a method which is the inverse of
the problem of the transport of neutron radiation. The transport equation was ‘solved by the
Monte Carlo method with modeling of the actual geometry of the -experimental arrangement.

‘Fissions were recorded by an ionization chamber in 27 geometry. Four fissionable tar-
gets with a total density of 754.9 pg/cm® positioned in tandem were used in the experiments.
The efficiency of counting fissions was computed by determining the. absorption of fragments
in the active layer of ' the targets, and the counting loss.resulting from alpha particle dis-
crimination. The absorption of fragments was calculated on the basis of the thickness of the
target layers, taking account of the translational velocity due to the pulse of neutrons and
the anisotropy of fission [8]. The counting losses resulting from discrimination were deter—-
‘mined by -analyzing the amplitude spectrum of the fission fragments. The values of the cor-
rections introduced ‘and the partial -errors..of the result are listed in Table 1.

The targets of isotopically pure fissionable material were prepared in the Radium Insti-
tute by sputtering onto a.rotating backing. .The number of nuclei in the target was determined
‘by alpha counting.in an arrangement with a small.solid angle. The number of nuclei was cal-
culated by using the value of the half-life T, 2 = 24,110 -+ 30 yr. from [9]. The uniformity
_of the layers was determined by scanning the target surface of. the alpha detector with a l-mm-
diameter diaphragm. The deviation from uniformity did not exceed 0.5-0.7%.

‘Statistical data .for the 1670 events .obtained in the measurements enabled us to achieve
. ‘measurement errors less than 3%. Therefore, the result is preliminary. We propose to repeat
the measurements in the future. Our value of 2.40 * 0.07 b (1L b = 10=2?® m?) for the cross
section is substantially different from the most recent estimate 2.28 + 0.087 [1].
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MEASUREMENT OF THE o VALUE AT 233U RESONANCES

Yu. V. Adamchuk, M. A. Voskanyan, UDC 539.172.4.162.2.
G. V. Muradyan, P. Yu. Simonov,
and Yu. G. Shchepkin

Formulation of the Problem. The ratio a of the capture cross section of neutrons to the -

fission cross section of *?°U is one of the basic constants used in the design of nuclear re-

; actors. The ratio must be determined with an error of less than 5% in a wide range of neu-

| tron energies. But the available information on the o value does not satisfy the accuracy
requirements. '

The errors in the measurement of o have two main reasons: 1) methodological difficulties
of uniquely separating neutron capture events from the background of fission events and cap-
ture events of scattered neutrons and fission neutrons in the structural materials; and 2)
errors in the determination of the parameters of the setup, which relate the experlmentally
measured spectra with the a value, i.e., errors in the calibration.

|

| . A number of known o values (calibration values) are used for calibration in some neutron-

} energy range which overlaps with the range of the measurements. The precision in the deter-

| mination of o.depends greatly upon both the position and the variability range of the g values

| of the calibration. One usually employs o values of the thermal energy range of the neutrons

| for calibration; in this range, the absolute value of the parameter is known with great preci-

sion. But the calibration values of «-do not provide the high accuracy required at the pres-

| ent time because the variability range ‘of o is not broad enough in the case of thermal neu-
“"trons and difficulties are encountered in. the determination of the background level at these

} neutron energies.

|

The goal of our work. was to obtain absolute calibration values of o at resonances of

. The resonance range is advantageously distinguished from the thermal range by the fact
that the o values at the resonances::change in a greater variability range from 0.08 to approx-
imately .8, and the resonances proper can be separated from the background, i.e., in the case
of the resonances, the background influences the precision of the measurements to a lesser
degree.

235(g

The measurements were based on the spectrometry of the multiplicity of the radiation
from excited nuclei [1-3]. 'The method made it possible to distinguish with high accuracy be-
' tween capture events and fission events, to substantially reduce the background of the scat-
tered neutrons and the fission neutrons, and, owing to the almost 100% recording efficiency,
to obtain in the resonance region absolute o values without employing additional calibration
values. The error made in the determination of o amounted to at most 2% in the majority of
resonances. In addition to the improved calibration data, our work made it possible to ver-
ify the various methods of measuring o, which were used in the energy range including the
resonances. More specifically, it is interesting to compare the results of our work with the
results of the Oak Ridge Laboratory [4] because the data of the preceding a measurements
which were made in the I. V. Kurchatov Institute of Atomic Energy on 2°°U by spectrometry
| of the multiplicity [3] at 0.1-10 keV were systematically below the results given in [4].

Details of the Measurements and of the Resonance Range. In the present work, as in [3],
“the spectrometry of the multiplicitywas employed. But a transition into resolved resonances

Translated from Atomnaya Energiya, Vol 57, No. 4, pp. 251-257, October, 1984. Original
article submltted January 18, 1984,
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ficed for shielding from scattered neutrons. As a consequence, the absorption in the converter
of the y quanta leaving the sample could be substantially reduced. This helped to improve the
separation of capture events from fission events. The efficiency of recording interactions

of neutrons with nuclei increased and reached almost 100%. The high efficiency made it pos-
sible to obtain absolute a values without using calibration values and to exclude the back-
ground resulting from fission products, i.e., the fission neutrons and the emission from fis-
sion fragments. The background could be eliminated by shutting off-the electronic equipment
of the detector after each recording of an interaction. The level of the remaining background
was determined from the region near a resonance and eliminated by subtracting the "uranium
substrate." Part of the useful events can be assumed as background because in regions neigh-
boring a resonance, the neutron cross sections are small but nonvanishing. When the back-
ground is taken into account in this way, the o value obtained differs to some extent from

the truea value. Therefore, when the values indicated were used for calibration (or ‘for com-
parison with the results of other authors), an operation which is the analog of the subtrac-
tion of the '"noise base'" must be made in the calibrated (or compared) data within the same
energy limits.

Let us note that our measurements were made with a new spectrometer of the multiplicity,
which guaranteed high reliability of the results. The spectrometer volume (~200 liters),
was about two times greater than the volume of the spectrometer used in [3]. The volume of
the detector sections was also increased and the mutual shielding of the sections was reduced.
In this way, the efficiency of recording y quanta was increased and the number of efficiently
working sections was raised.

Method and Measurements. The measurements were made on the 26-m flight base of the Lin-
ear Electron Accelerator of the I. V. Kurchatov Institute of Atomic Energy; a 48-~section scin-
tillation detector (48SSD) with the NaI(Tl) crystal and a 1% converter with a thickness of
~0.3 g/cm® was used (Fig.l). The detector sections consisted of indiwidual blocks in the
form of rectangular parallelepipeds. The central part of the detector consisted of crystals
with a size of 300 x 132 x 132 mm; the detector faces were composed of crystals with a size
of 150 x 132 x 132 mm. The smallest thickness of the scintillator in the direction of the
gamma quanta leaving the sample was ~13 cm; the geometrical efficiency of the detector was
~98%. The total scintillator volume was ~200 liters. The inner detector cavity had a size
of 40 x 40 x 45 cm. The detector was shielded on its outside with ~150-mm-thick boron carbide
and with 100-200-mm-thick lead layers.

An electron pulse of the accelerator had a duration of 100 nsec; the pulse frequency was
270 Ez. -Filters of cadmium (1 mm thick), aluminum (16 mm thick), and lead (5 mm thick) were
placed on the path of the beam.. The 23%U sample under inspection was.placed in the center
of the converter. In. order to reduce the -absorption of y quanta in the sample, the sample
was given the form of six identical disks with a diameter of 29 mm and a thickness of 0.06 g/
cm®; the spacing of the disks was 1 cm. The amount of material in the converter and the sam-
ple cassette was minimized.

Each of the detector sections was viewed with an FEU-110 photomultiplier. The photomul-
tiplier signal was split into two channels. In the first channel, the signal passed through
an integral discriminator, was shaped to a standard pulse with a length of 0.3 usec, and was
applied to an encoder of the multiplicity of coincidences. In the second channel, the photo-
multiplier signal was applied to a summing stage wherein the amplitudes of the pulses of all
detector sections were linearly superimposed. The output pulse of the summing stage was ap-—
plied to four integral discriminators IDj (j = 1, 2, 3, 4) at which discrimination levels
corresponding to the energy liberation EE within the entire detector volume were adjusted
to 0.6, 0.8, 1.1, and 1.5 MeV. A 0.6-pset-long strobing pulse from the first discriminator
was applied to the input of the encoder of the frequency of coincidences. During this pulse,
pulses from the integral discriminator of the detector sections could be received. The cod-
ing pulse generated by the encoder of the frequency of coincidences and the pulse of the dis-
criminators ID; of the summing stage were applied to a time encoder and a computer. A time
channel had a width of 160 nsec; 32,767 channels were available.

As a result of the measurements in each time channel (interval) i corresponding to a cer-
tain neutron energy, four groups (j = 1-4) of spectra of the frequency of coincidences of 1-
15 events were stored in the computer under the condition that the energy dissipation in the .
entire detector volume had exceeded 0.6, 0.8, 1.1, or 1.5 MeV. A coincidence frequency above
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Fig. 1. 4m scintillation detector
consisting of 48 sections.
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Fig. 2. Time-of-flight spectra in measurements involving 2°°U

for the coincidence multiplicities k = 10 (a) and k = 4 (b).

15 was accumulated in a 16th spectrum. The energy discrimination threshold in each section

was kept as low as possible and amounted to ~25 keV. The four groups of spectra were simul-
taneously measured. After each event recorded, the detector equipment was shut off for 50
usec (topreclude the recording of the background produced by fragments). Counting losses
were taken into account with the aid of a random pulse generator. The generator pulses were
passed through theé entire electronic system of the detector along with the pulses from the
detector sections. ' : '

The following measurements were made in the investigations: 1) a multidimensional spec-—
trum Nj(i, k) of the flight time and the frequency of coincidences of gamma quantum record-
ings in the detector sections were simultaneously measured at four discrimination thresholds

gk G=1, 2, 3, 4) via the total energy dissipation in the entire 48SSD volume in interac-

tions of neutrons with 23°

the spontaneous fission of

U nuclei; 2) the spectra of the multiplicity of gamma quanta in
252Cf were measured with the same discrimination.thresholdsE%; 3)

the absolute number of decays of '®’Cs and ®°Co sources were measured with a detector having
a 100% efficiency; this detector was assembled from the same units as the 48SSD but had a
minimum thickness of 26 cm in the direction of the gamma quantum flight path; and 4) the de-
pendence of the number of counts of the 48SSD upon the discrimination threshold EZ was deter-
mined with **7Cs, 60Co, and 2°2?Cf sources. i 1

Evaluation of the Measurement Data. In -the spectrometry of the multiplicity, each of
the interactions of a neutron with a nucleus is recorded as a function of the number of par-
ticles emitted in a particular channel of the spectrum of the frequency of coincidences (i.e.,
in a certain multiplicity). Fission results, on the average, in the emission of ~9 gamma
quanta and neutrons, whereas radiative capture causes the emission of ~4 gamma quanta. There-
fore, the distributions f(k) of fission event recordings and y(k) of capture recordings over
the multiplicity of the events must differ strongly (for the sake of simplicity, we term the
functions f(k) and y(k) the forms of fission and capture, respectively). For example, at
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LLLLLLL v wapLurc ©VeuLL> musL ue pledulllldlllly recoraea, wnereas rission events
must occur malnly at multiplicities k > 7.

The functions f(k) and y(k) do not coincide with thespectrum of the multiplicity of the
particles emitted because several gamma quanta can be incident on a single detector section
or, conversely, one gamma quantum can be recorded in several detector sections. The greater
the differences between the forms f(k) and y(k), the easier the separation of fission events
from capture events and, hence, the greater the accuracy with which o can be determined. The
precision with which fission events can be separated from capture events depends in many ways
upon the number of sections, the detector volume, the efficiency of recording vy quanta, and
several other parameters of the spectrometer of the multiplicity.

In order to illustrate the possibilities of the spectrometer of the multiplicity, the
time-of~flight spectra for the multiplicities k = 4 and k = 10 are shown in Fig. 2. Excel-
lent separation of capture events from fission events is clearly visible. For example, the
areas of the resonances at E, = 11.66 eV (o = 8.7) and Eo = 12.39 eV (a = 1.6) are about the
same in the spectrum for k = 4, whereas the area of the resonance with o = 8.7 is about 5
times smaller than in the spectrum with k = 10. Resonances with small ¢ values appear more
celearly in the spectrum with k = 10 than in the spectrum with k = 4. The resonance at Eo =
14.02 eV (o = 0.1) can serve as an example.

We selected for evaluation 15 resonances which were well separated on the energy scale.
In the determination of the absolute o value (which we will denote by 0o), the numbers r¢ and
F“ of the capture events and fission events recorded, respectively, must be known for the
L-th resonance; in addition, the recording efficiency of capture events (g.) and fission (eg)
must be known. As indicated above, the measurements were made at four threshold values of the
discrimination with respect to the total energy liberated in the detector. When the threshold
was. .increased, the efficiency decreased, and theréfore in general

4
ol = Eif Tj
Y F' ?

(1)

where j = 1, 2, 3, 4 denotes the number of the discrimination threshold.

Since vy(k) an% f(k) overlap, an addlt%onal processing of the spectra is required for the
determination of I'Y and F Assume that N%(k) events of neutron interactionswith nuclei are
recorded_with multlp11c1ty k of the I-th r%sonance at the j-th discrimination threshold. The
aumber Nz(k) can be easily obtained from the experimental spectra by determlnlng the -area
under a resonance and subtracting the background. In the general case, both F (k) fission
events and F (k) capture events are recorded with multiplicity k.

We use- the concept of forms and set

T4 (k) =Ty, ()
(2)
T} (k) = Fify (0,

where ‘
IV; (k) =Tipy (k) + Fif s () | (3)
The problem is therefore reduced to the determination of F% and Fz“from an experimental
Vz(k) value. ‘It is also known that the forms v.(k) and f, (k) atre the Bame for all resonances
(%ome dependence of the form of the capture upon the spin”of a level will be considered be-
low). As will be shown below, at multiplicities k > 10 capture.events are not ‘recorded, i.e.,
y(k) =-0:for all k > 10. This means that

2 Ni(ky="F; X fs(k) . (&)
EZ10 KS10
and, hence, -
DA
n_ k=10 (5
? St 1k
EZ10
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hzm
Z N
k>m . upon the Limits of Summation

oSN e Y oy / (2
. :L N, 25 A " .25 N 28 A
h=zm k>>m >z h>m
0,37 8 0,08

1,37 9 0,07
0,34 10 ’ 0,06
0,29 11 0,06
0,22 12 0,06
4,15 13 0,006
0,10 16 0,06

SIS OIS =

The Pg value can be calculated with Eq. (3) in any given interval between k, and kj:

k, ke,
D=t [ 3 Mw =1 S 1], (6)
S wn o |

R=hy

When the F% are calculated, the first multiplicity is conveniently omitted (i.e., k. = 2 is
assumed) bdcause the main part of the background events and only 3% of the total effect are
concentrated in the first multiplicity. The k, value was assumed equal to 6 because only 8%
of all capture events and the major part of the fission events (>80%) are recorded at k > 6.

Let us show that Eq. (5) holds, i.e., that really bnly fission events are recorded at
multiplicities k > 10. Let us consider the two resonances [ = 1 and 2 = 2. We form the ra-

tio ) N (R)/ D) N%(k) and analyze how it changes with a variation of the limits of summation

h>2m h>=m
{m=1, 2, ...). We omit the subscript j and indicate the values obtained for j = 1; the
spectra for all thresholds E§ are treated in the same way. The results are listed in Table 1

for the resonances with Eo(1)= 11.66 eV and Eogz) =-8.78 eV.

We use'Eq. (3) and write

kgm NO (k) T k;m v (k)4 Fo kZ,]m f (k)
2 N (k) = @ 2 v (k)4 P2 Z‘ R

kz=m h>=m k=zm

It follows from Table 1 that the ratio no .longer changes for k > 9. Since the forms
y(k) and f(k) differ and since fission is recorded with greater probability at high multi-
plicities, the behavior of the ratio can be explained only by a lack of fission-event reeord-
ings at k > 10, i.e., we have y(k) = 0 for k > 10. This had to be shown,

We term the range with k >'10 the range of ''pure fission." It is then easy to determine
the ratio. of the fission events recorded at the two resonances:

2 N (A)

FM k10 7
F& ™ XY pe (k) * i

One must know vy(k) and f(k) for determining FZAand FZ from Eqs. (5) and (6). For deter-
mining these quantities, two resonances with different o values are employed. We write down
Eq. (3) for these resonances:

N (k) =Ty (k) 4+ FOf (k);
N¥ (k) =Ty () P21 (B).
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ing the result from the first equation, we obtain
N(I)_ (k) __,VN(Z) (k)z(Ftl) - ,\’F(Z\) j (k)

After summation over all multiplicities and taking into account that LJI(L)-— 1, we obtain
b=

[’(1) I = kzi [Ne (k) — yN® (k)]

It follows from the last two. equations that

f(k).—_— o _N,(}")f‘3’1\’(2'(k).
D [V (k)—yN® (k)] (8)
k=1 v
Similarly, by multiplying the formula for N(z)gkl with the coefficient g = F(l)/F(Z) and

9
taking into account that D,y (k) =1 , we obtain
- k=1

Y(k)_ N(l)(k)__ﬁNdl(k) (9)
= 5 .

3 IV (1) — PN (W] |

k=1

1"

The coefficient B can be easily determined from the region of ' pure fission' (see Eq.(7)).

The coefficient B cannot be determined in analogy because a region of pure capture does
not exist. However, the spectrum of the multiplicity comprises a region in which mainly cap-
ture events are recorded.. For example, for multiplicities k < 3, only 3% of all fission.
events are recorded. The existence of such a region makes it “possible to determine with ade-
quate precision f(k) for the entire range k > 1 on the basis of an approximation of the con-
tribution to fission. For this purpose, addltlonal measurements of the spectrum of the mul-
tiplicity in the spontaneous fission of 2520f were made. The goal of the measurements was to
determine those values characterizing the form f(k) which depend only slightly upon the un-
certainty of our knowledge of f(k) and which:at the same time make it possible to determine
v with rather high accuracy. As will be shown below, the ratio £(5)/[f (4) + £ (3)] = 1 can
be used for this purpose. ,

In order to exclude the background of radioactive fragments in measurements involving
2520f  the ''time gates' for the coincidence counting were '' opened’ through the pulse of
a semiconductor detector which recorded fission fragments and was mounted, along with a thin
2520f layer, in the center of the 48SSD unit. '

Various forms f(k) of the spontaneous fission of ?°2Cf were obtained for analyzing the
change of u.” The forms were changed by changing the experimental conditions: the number of

- sections used, the width of the time gates, and the trigger threshold .of the semiconductor
detector. It was observed that at a given position of the maximum of f(k), only a small

change of at. most 4% occurs in u. The explanation is that the form of the curve f(k) at k <
4 is given by events with high multiplicity of the gamma quanta and by the incidence of parti-

. cles on a single section. Therefore, the relative form of the curve at low multiplicities

is in many ways predetérmined by the position of the maximum. Thus, we may assume that for a
certain position of the maxima of the forms of uranium and californium fission, the ratios -
£(5)/[£f(4) + £(3)] are almost identical.for the nuclei of these elements.

The corresponding u value can be easily determined once the position of the maximum of
the form of the 23°U fission has been determined on the base of the total multiplicity pat-
tern. The ratio p = f(f)/[£(4) + £(3)] allows us to take into account the contrlbutlon of
fission at small multiplicities and to determine the coefficient v = r(1)/r(?), we obtain
with.Eq. (3) for v

_ P'_[N(l) (3)+Nu) (4)]_]\[(1) (5)
VT WP B FA® @] —-N )
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the fission can be determined with Eq.(8) when Vv is known.

The forms of fission, which were obtained in the evaluation of various pairs of levels,
coincided with high accuracy. The forms y(k) of capture coincide only for levels with iden-
tical spin. The forms of fission and capture are listed in Table 2 and were calculated for
the pair of levels Eo(*) = 11.66 eV and Eo(*) = 8.78 eV with thespin J = 4; Table 2 includes
the form y(k) determined for the pair Eo(*) = 12.39 eV and Eo(?) = 18.05 eV with the spin J =
3. These forms correspond to the threshold of discrimination for a total energy liberation
of 0.6 MeV in the detector.

The forms y;(k) and f,(k) were obtained with this method at all discrimination thresh-
olds E§ (i =1, 2, 3, 4). JEquations (5) and (6) were used to determine the numbers F’! of
fissioh events recorded and T of capture events recorded in -each of the resonances under
consideration. Thus, the recdrding efficiencies egs and € i for fission events and capture
events, respectively, had still to be determined for calcuIating'the absolute o values with
Eq. (1) at the resonances. We constructed .for this purpose for each of_the resonances the
dependence of the numbers I', and F. upon the discrimination threshold Ej. By extrapolating
the curves to the discrimingtion t%reshold zero (EoZ = 0 MeV), we calculated the absolute
numbers o and Fo of capture events and fission events. When I'o and Fo are known, the effi-
ciency of recording €yi = r./To or £y = F./Fo can be easily determined at each discrimina-
tion threshold. In order td show the vali%ity of the determination of the absolute I'yp'and
Fo values by extrapolation of the I' and F dependencies upon EZ, we measured the dependence
of the 48SSD count upon the discrimination threshold via the total energy liberation in the
detector in the case of radiocactive '*7Cs and °°Co sources with known source intensities. The
intensities of the '*7Cs and ®°Co sources were determined with the same 41 detector in which
a small channel with a cross section of 1 x 0.5 cm was provided for introducing a source. The
smallest thickness of the crystals for y quanta was ~26 cm. In the case of ¢°Co, the extrap-
olation to count zero of the 48SSD from the discrimination level rendered a value which coin-
cided with the intensity of the source.  This confirms the validity of the determination of
To and Fo in the case of 23°U because in the case of neutron capture in 2°°7 (and even more
in the case of fission), the multiplicity of the gamma radiation and its total energy are
greater than in the 6°Co'decay., The values which we found for the efficiencies g.: and €f3
are shown in Fig. 3 in the form of curves. We have for the first discrimination t resholds
E} = 0.6 MeV the values €yj = (96.8 + 0.6)% and egy = (99.76 + 0.1)%.

TABLE 2. Forms of Fission and Capture in Dependence upon the Multiplicity

h

Parameter

f1(R), % 10,020,538 | 1,47 | 3,30 | 5,63 | 8,02 | 9,92 [11,03 [11,20 {10,53 | 9,26 | 7,75 | 6,16 | 4,60 | 3,47 | 7,00
vjl(kz‘,% 2,68 10,95 [21,28 125,00 [20,24 (11,89 [ 5,37} 1,95 (064 | — | — | — | = | 2|72} 2

27}6%,)% 1,52 |11,80 22,15 125,34 119,66 (11,34 [ 5,08 [ 2,24 | 0,87 | — - — — - — —

E.% 1
) . (n, 1)
9} T
801- (’LJ’)
70 I 1 ]

[ P 1.0 L5

£, MeV

Fig. 3. Dependence of the recording efficiency e, of capture
events and the recording efficiency ey of fission events upon
the discrimination threshold Ej'
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ing At = 10 psec in Dependence upon the De-
lay Time tdel

taer (HseC) Nlgep 103 | ¢, o, (usec) | Nt ) 108

del
0,6 203 70 6,8
10 13,6 0 7.5
20 9.3 120 6,8
30 8,4 140 . 7,3
40 8,1 160 6,7
50 - 7,7 180 7.5
60 7,7 190 7.4

Thus, the above-described method of evaluating the experimental spectra N_.(k) of the mul-
tiplicity allows the separation of recorded fission events ‘and capture events; i.e., it is
possible to determine Fj and Fj and also the recording efficiencies €5 and €y of these pro-
cesses.. :

The absolute o values were determined with Eq. (1). Since the recording efficiency of
fission events and capture events in the 48SSD spectrometer is high, €y and g depend only
slightly upon EZ (see Fig. 3) and therefore an extrapolation for .the deEermlnation of To and
Fo is possible. A high recording efficiency is also important for excluding the activity of
the fission products from being recorded. As indicated, this type of background can be ex- '
cluded by shutting off the equipment for a time tyiock = 50 usec with the aid of a pulse pro-
duced by each event recorded.  Obviously, the higher the efficiency ef, the smaller the prob-
ability of recording the radloactlve radiation of fragments. The "aftereffect" time of a
fission was determined for the proper selection of tyjgck: . We measured for this purpose the
count of delayed coincidences of 48SSD pulses and semiconductor-detector pulses produced by
fission fragments in the "time window'" At = 10 usec in the spontaneous fission of 252Cf The
delay time tge1 of the pulse generated in the detector of the fission fragments was varied.
The count: N(tdel) of the delayed 001nc1dences in the lO—usec window is llsted in Table 3 re-
duced to one fission event.

It follows from Table 3 that the count of the coincidences hardly changes at delays ex-—
ceeding 50 usec. This means that the aftereffect of a fission has disappeared 50 usec after
a fission event. The constant count at tdel > 50 usec resulted from the ‘background of random
coincidences. Owing to the high efficiency in the fission, the error resulting in the a value
from the background of the fission products amounted to at most 0. 015% according to our es-
timates. When no shutoff was introduced in the case ty,7 > 50 .usec after a fission event, the

_aftereffect of the fission, if such an effect exists.at all, is extremely small and, owing
to its slow development, it was subtracted along with the "background base.

Results. The absolute o-values obtained for 15 resonances are listed in° Table 4, Ta-
ble 4 includes the energy intervals in which the average values of the effect -and the back-
ground were determined. The background was determined. from two regions in the case of certain
resonances (3rd and 4th columns of Table 4). The systematic error, which is included in the
total error, accounts for the error in the determination of p,; and also.for the errors of the
efficiencies e, and €f. As indicated above, the errorsamount”to Au/u ® 4%, AeY/e * 0.6%,
and Aeg/eg * 0.1%. '

The relation between Ay and Aa was expressed as follows:

Ao o+t f3)+f ) Ap
a a YE)—piy@+v @]

It follows from Table 4 that the accuracy of the o values obtained is high. The error
amounts to at most 2% for many levels. The smallest absolute error is Aa = 0.01. The small
error and the large variability range of o at these resonances make it possible to calibrate
with about the same accuracy the a values obtained from the measurements of the relative
form of this parameter. Moreover, the wide variability range of o makes it possible to per-
form this calibration with any unique (not only. linear) relation between the characteristics
" measured in the experiment and the a value.
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TABLE 4 o Values at Several Resonances of
23S
U
4, | Limits (eV) |Limits (eV) |Limits (eV) 83; Ref.,
eV | of the effect jof back of back 1041
ground-1 ground-2

3,61] 3,500--3,720 [ 4,14%—4,274 | 2,209--2,352 |0,732] —
§.85) 470k 4 055 | 4l2404 k0 - 8,262 —
6,39] 62876507 | 7,857—7.928 | 6,689—6,802 |2.033(3,64
7.08] 6.957--7.243 | 7.857—7.928 - 1,188|1.44
| 8,78} 8.609— B082 | 76187108 - 0,397[0, 437
8,28 91780, 381 | w4300, 643 - 0,595{0,658
NI 5011 820110 6T 10, 041 - 7.602[8.68
1280012 18212 han] 106l P00 941 — 1045111166
Lhoo2l1a 617—14. 270/ 14,765 10,116 0,077(0,088
15,40015,255--15, 568 14,765»—1;,076‘17,307‘17,489 0,84310,938
16,08[15,904—186, 250 17,307—17,489 — 1,882]12,14 |
18,05[17.835— 18, 274|158, 587~ 18,586/ 17,282— 17,4800 4510331
19,3001, 084—19,530]18 387--15.586] 17,230—-17,621|0. 6810, 759
21,07) 20,87-21,25 | 21.83-22.23 - 1.,345]1.65
32,07| 31,80—32,35 | 32.68—32.05 | 31,23-31,48 |0,658]0,679

Table 4 includes the results of [4}.
that portion of the cross section o
with the "background base" was subtracted.
too large.

and o

width of the averaging of the results of [4] was too large.
ences will stimulate further measurements of o and the investigation of the relation between
the experimentally determined parameters and the capture cross ‘section values, fission cross:
sectlon values, and the o value.

G. V. Muradyan,
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EXPERIMENTAL INVESTIGATION OF THE FORM OF THE ENERGY DISTRIBUTION
OF NEUTRONS IN THE SPONTANEOUS FISSION OF 2°2Cf ‘

M. V, Blinov, G. S. Boikov, . UDC 539.173.84.164
and B. A. Vitenko ' ‘

In the last few years certain progress has been made in the investigation of the spec-
trum of instantaneous neutrons from the *°2Cf. fission, with the ?°2Cf being an international
standard [1-5]. However, the accuracy with which the spectrum is known to date does not sat-
~isfy the requirements which must be met by such a standard. Therefore, new precision mea-
urements must be made in the entire energy range (particularly above 5 MeV) in which the ex-
perimental data differ substantially. ' a

' We measured in our work the neutron spectrum in the energy range 0.01-10 MeV with the
time-of-flight technique. We used an ionization chamber with current measurements and 235y
layers as a neutron detector., The cross section of the reaction 233U (n, f) has been studied in
detail ina wide energy range and is one of the standards of nuclear physics. The chamber was
an assembly of five aluminum foil disks (diameter 100 mm, thickness 0.05 mm) with uranium
(99.9% 2%°U) applied to both sides of the disks. The layer homogeneity was *5% at an average
. thickness of 1 mg/cm®. The totalmass of the uranium in the chamber was 0.8 g. The chamber
housing was made from 0.2-mm—thick cadmium foil. The amplitude distribution which was obtained
for the fission fragments with the chamber under operational conditions is illustrated in Fig.
1. The efficiency of reéOrding_fission fragments amounted to ~85% at the threshold so that
practically full discrimination from the o particles was guaranteed. The intrinsic background
_of the chamber was 2¢107° pulses per sec.’ :

A miniature ionization chamber with the design resembling that described in [6] served
as the detector of the fission fragments .of californium. Californium layers with a diameter
of 4 mm, a mass of 0.75 ug (5.1¢10° fissions per sec) or 0.3 yg (2,1+10° fissions per sec)
were used. The admixed spontaneous fissions resulting from other nuclides of californium and
curium were less than 0.2%. The efficiency of recording the fission fragments exceeded 99%.

The total time resolution of the experimental setup amounted to 1.5 nsec. The main un-
certainty in .the resolution resulted from the uranium chamber. The time scale was calibrated
with an accuracy of 0.1% with the aid of a quartz generator of time intervals. The ' zero"
of the time was determined with three methods: from the coincidence of the spectra on. the
three flight bases, from the. simultaneous application of generator pulses to. the current-pick-
up electrodes -of the californium and uranium chambers, and from the replacement of the uran-
ium layers .in the working chamber by a.single uranium layer with a diameter of 10 mm under
conservation of the ‘capacity. -The data obtained with the three methods agreed satisfactorily,
and the accuracy with which thezero of the time scale was determined was +0.08 nsec. The er-
ror which was made in the determination of. the base did not exceed *2.5 mm. The background
of true random coincidences was reduced by a superposition-revision circuit [7] and amounted
to less than 2% at a neutron energy of 50 keV on the 50-cm base.

The neutron spectrum was measured on three flight bases of 25, 50, and 100 cm outside
the premises at a distance of 8 m from the earth's surface. The measurements were made in
three series of 5 days each on each of the flight bases. - :

When the experimental results were processed, corrections for the scattering of neutrons
by the detectors and the ambient medium were introduced. - Since the mass of the fission cham-
bers was small (the mass. of the uranium chamber was 65'g, that of the californium chamber
1.5 g), the corrections varied between 3% at 10 keV and 0.7% at.1 MeV. Correction functions
for the scattering of meutroms by.theiair were détermined by calculations using the method
.described in [8]. The correction for the scattering of meutrons by air varied between 307

for the 25-m base at E = 10 keV -and 0.5% at E = 1 MeV. . Corrections for the time resolution

Translated from Atomnaya ﬁnergiya,Vbl.“57, No..4, pp. 257-259, Octpber, 1984. Original
article submitted May 23, 1984. -
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- Fig. 1. Amplitude distribution of the fission fragments of a particles of 22°U. The
arrow denotes the threshold of recording fragments in the actual measurements.

Fig. 2. Ratio of the experimental results obtained in our work to a Maxwell dis-
tribution. The errors indicated do not include the uncertainty of the fission cross-
section; —-—-—- ) data of [9].

were aiso introduced. The correction on the 100-cm base amounted to 5% at the neutron energy
10 MeV. A correction was also introduced for the anisotropy of the emission of the fission
fragments from the uranium layer; the kinematic effect for the various neutron energies was

taken into account. This correction had a maximum value of 2.5% at a neutron energy of 10
MeV.

When the errors made in the determination of the intensity of the neutron spectrum were
analyzed, the following factors were taken into account: uncertainties in the corrections of
the flight distance, the time resolution, the zero of the time scale, and the cross section
of the **°U(n, f) reaction. The accuracy of the determination of the neutron energy depends
mainly upon the error in the zero of the time scale, the "weight'" of the channel, and the
flight distance. '

The results of the measurements are illustrated in Fig. 2 in the form of the ratio of
our results to a Maxwell ‘distribution (temperature T = 1.42 MeV of the spectrum). The data
were normalized to the integral of the enérgy interval 10 keV-10 MeV. It follows from the
figure that the experimental results of our work coincide with an accuracy of *57% with the
distribution indicated in the neutron energy interval 0.01-5 MeV. The slight deviations ob-
served in this energy interval may be associated with the imprecision with which the cross
section of the reaction-zssU(n, f) is known. At energies >5 MeV a systematic deviation of
the data from the Maxwell distribution is observed. The. values obtained agree within the er-
ror limits with the estimates of [9] in the neutron energy interval 0.2-10 MeV. ’
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EFFEC’_I‘S OF THE FLUCTUATION OF THE RESONANCE PARAMETERS IN THE
AVERAGE NEUTRON CROSS SECTIONS ’

N. Koyumdzhieva, S. Toshkov, ' v . ' o UDC 539.172.4
and N. Yaneva :

'

Theoretlcal modellng of the ‘energy dependence of neutron cross sections in the range of
unresolved resonances, where direct information on the dependence is not available, is impor-
.tant for both interpretation and analysis of data on the transmission of neutrons through rel-
atively -thick samples, with the transmission averaged over the energy <exp{—mo)>, the self-
indication <gy4exp(—no)> averaged over ‘the energy (where o denotes the total cross section;

o denotes the cross section of the reaction .a; and n denotes the thickness of the absorbing
sample in nuclei per barn), and some other averaged functional cross .sections <f(g)>. The
_ resonance structure of the cross sections is obtalned indirectly as the differenceé between the
'measured <f(o)> values and f{(<o>). :

The multilevel modeling of the energy dependence of the cross sectlons of our work was
based on the general results of the R-matrix theory of nuclear reactions (in the Reich-Moor
approx1mat10n) and has been expounded in [1, 2]. When we restrict the considerations to a

single system of resonance states, in the simplified form the cross sections can be expressed
in the usual manner through the elements Sy, and- S,4 of the collision matrix S. It is gener-
ally accepted. that'the S matrix can be represented in the form

S—e-w (1—iKy1(14iK)o-io, =~ : | (1)
‘where :denotes'the phase of potential-scattering. '

When we assume that radiative capture involves a large number of channels o, we can re-
‘strict our con31derat10ns An- the S matrlx to channels differlng from the radiative channels
for whlch ' DR
: /25172
Z . LY rrz?n . ] (2)
y Ey—E—il'yf2?

N

- where FIKZ and r { denote the w1dths of the levels A in the corresponding channels, and T
" denotes the radlatlve width which is tihe same. for all levels [1].

When the energy: dependence of the cross sections was modeled we used the scheme of the
Monte Carlo method in which the width of the levels and the level spacings E,,, — E, ‘are gen-
erated by Porter—Thomas and Wigner distributions, respect1vely [2]. It has been shown earlier
that the statistical spread of. the resonance parameters relative to their. average values does
not significantly influence the total cross sections averaged over the energy [2]. However,
in the case of the reaction cross sections, the statistical fluctuations ‘can rather signifi-
~cantly modify the calculated cross sections (up to about 30%). Therefore,-in the range of
partially overlapplng resonances (Fn < D), spec1f1c numerical calculations must be made in
the model and the results must be compared with known- results for isolated levels.

In the simplest case, namely single-channel scatterlng and radiative capture, the cross
section of radiative capture in our model can be represented as in [1]:

Oy =03 (1= [ S, 19), '- 3

where -

Sn'ﬁ= e~ 20 (1_"I:K-.nn)-l (1 +iKnn); N : ‘ (*)

Instltute of Nuclear Research and Nuclear Power Englneerlng of the Bulgarlan Academy of
‘Sciences, Sofia. Translated from Atomnaya. Energlya,.Vol 57, No. 4, pp 259-260, October,
1984. Original article submitted May 18, 1984.
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Fig. 1. The function F(a) for the single-level approximation
(1) as calculated with the method of [3] (2), and obtalned
with the multilevel model for F /D =0.2 (3), and T /D

(4). a=TT /F .

1 E Eyi i
K =7§<T~1:Em)-%+i%§m+§?+r;/r=lﬂ+ilfz. - ()
We obtain a simple formula for OY f?om Egs. (3)-(5): . 7
O, v (B) = Ak {re; (gﬁz(?m(znz . (6)
_ In our scheme the average cross section was obtained as a result of averag1ng the o, n,y
generated by a large number of events in Monte Carlo calculations:
i =40 (e ) <)

The average cross -sections were calculated with theprogram described in [2]. The cross
section of radiative capture was calculated according to Eq.(7) taking into account that

< T .
I e T ﬁhnl nt

E)—FE =7
D ] (8)

where I'_ and D denote the average values of the neutron line w1dth and interresonance spacing,
respectively.

The BA and Z, values were obtained as random numbers with a normal distribution and a
Wigner dlstrlbutlon, respectively. The A values in Eq. (5) were varied between 1 and 30 so
that 15 levels were on both sides of each of the points in the calculation of the cross sec-
tion. The step width in the change of E in the interval of averaging over the energy was so
small that the resonance structure in the interval under consideratien was described in de-
tail. The step width on the energy scale and the number of levels and events considered in
the Monte Carlo calculations were optimized by making comparative calculations.

We calculated the dependence of the cross section for each set of reSonance parameters
and determined its average over the energy. The final result was obtained by averaging over
the number of events. in the Monte Carlo method (this number was not less than 100). The er- .
ror in the determination of the cross section was estimated w1th the standard: formula of the
Monte Carlo method and did not exceed 3-5%.

_ Figure 1 illustrates the function Fy, in which the effect of the fluctuations of the
'resonance parameters in the cross section of radiative capture was taken into account. We
obtained curves 2 and 3 as the ratios of the average values On,ys calculated with the method
described above for the values P /D = 0.2 and 1, respectively, "to the same quantities obtained
without fluctuations of the resonance parameters. In the first case, a significant interfer-

ence in the resonance levels must exist, whereas the resonance levels fully overlap in the
second case. :

The calculations show that in the region of overlapping levels (T_ = D), the fluctuations
- of the resonance parameters are substantial as in the case of isolated resonances. The values

- of the corresponding functions FY (see Fig. 1) differ from the corrections calculated with
the method of [3].
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discussions.
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TOTAL NEUTRON CROSS SECTIONS OF RADIOACTIVE '°2Gd AND STABLE '®2cGd

V. P. Vertebnyi, P. N. Vorona, A. I. Kal'chenko, UDC 539.125.5.162.2
V. G. Krivenko, and V. Yu. Chervyakov

Measurements were made on the VVR-M nuclear reactor of the Institute of Nuclear Research,
Academy of Sciences of the Ukrainian SSR, of the cross sections for thermal and epithermal
neutrons of '*>2Gd and radioactive '°*3Gd (Ti/2 = 241.6 days), as these data are essential for
estimating the feasibility of accumulating the latter in large amounts. The isotopes '°?Gd

nd '®?Gd appear in the transformation chain of '°'Eu during its irradiation in a reactor [1].
Earlier, we determined the neutron cross sections for the following isotopes of this chain:
151’152’153’15“’155Eu, 132515351540y and partially *°?°!'2%Gd. The study of '?%°1%3G4 almost
concludes the determination of the neutron cross sections of the isotopes occurring in the
transformation chain of '?'Eu during irradiation in'a nuclear reactor. '*°Gd, with a half-
life of 241.6 days, is interesting in that it is found in a number of odd isotopes of **?°'°7Gd,
having very large neutron cross sections in the region of thermal neutron energies. Calcula-
tions of the density of neutron resonances indicate an even greater density of the levels
for *°°Gd (D = 1.2 eV) by comparison with *°°°*®7Gd [2], and therefore it can be expected that
*®3Gd also has a large cross section in the thermal neutron region. Already, after the start
of our experiment, an estimate has appeared [3] of the effective capture cross section of
1%3Gd, averaged over the reactor spectrum, and which was obtained by a study of the spectrum
of (n, y) reactions on '°2Gd and '**Gd, and amounts to 26,000 £ 10,000 b (1 b = 10—%% m2?).

Radioactive '®°Gd is obtained by irradiation in the reactor of stable '°2Gd. One of the

difficulties of conducting the experiment was caused by the presénce in the sample of '°?Gd
of impurities of strongly absorbing '°°*'®7Gd, which should be burned during irradiation in
the reactor. These impurities led to a marked self-screening of the sample. In order to
avoid a strong reduction of the neutron flux in the sample, it had to be made quite thin. Un-
fortunately, planning of the experiments was complicated because of the absence of reliable
data about the neutron cross section of '*?Gd, serving as the starting product for the produc-
tion of '°3Gd. We had available the results of our earlier investigations [4]: with v .= 2200
m/sec, 0p('°%Gd) = 6001523 b; the activation cross section o (*?2Gd) = 1100 * 100 b was taken
from the publication [5]. The experiment was conducted by the procedure described in [6].
Samples with a size of 15.0 x 2,25 x25.,9 mm were prepared for irradiation, the mass of gado-
linium oxide amounted to 71.64 mg, and aluminum powder with a mass of 1990 mg was used for
dilution. :

The isotopic composition of the starting sample of '32Gd is shown in Table 1. According

to the data of the Isotope Foundation of the SSSR, there were also impurities of samarium

(2.6 + 0.4%) and europium (1.0 % 0.25%) in the sample. In order to obtainradioactive '*°Gd,
the samples of '°?Gd were irradiated three times in the reflector of the VVR-M nuclear reactor
in the Institute of Nuclear Research, Academy of Sciences of the Ukrainian SSR (15.2, 8.7,

and 23.9 days, respectively) at nominal power. The thermal neutron fluence at the end of

each irradiation amounted to 0.236¢102°, 0.444102°, and 0.910+10%° cm ?. The radioactive
'%3Gd was produced in the reaction

Translated from Atommnaya Energiya, Vol. 57, No. 4, pp. 260-262, October, 1984. Original
_article submitted May 18, 1984.
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Fig.. 1. Total neutron cross sections of

sample of '°?

of 0.44410%° cm™2 (a),

Fig. 2

tial Sample of '°3Gd '
p
Concentration of nu-
Isotope Content, % - clei, 10 cm™
152 30-4-0,1 2,05
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gadolinium isotopes: a) cross section of
Gd before irradiation ((Q). and after irradiation in the reactor during

15.2 days at a neutron fluence of 0.236102° em™® (x), during 23.9 days at a fluence

and during 47.8 days at a fluence. of 0.910+10°° cm~* (@);

b) cross section of irradiated sample of '°2Gd at a neutron fluence of 0.444e102°

-2
cm

“ing time of sample t =
152

“Gd (m).

before (A) and after decay (A) of the radiocactive 53Gd built up in it (hold-
287 days; c) total mneutron cross section of '°3Gd (3) and

Fig. 2. Observed neutron cross. section of a sample of '32Gd before irradiation (O)
and after irradiation in the reactor during 15.2 days with a neutron fluence of
0.236010%° cm™? (%), during 23.9 days with a fluence of 0.444¢102° cm~2 (A), and
during 47.8 days with a fluence of 0.910¢10%2% cm—2 (@).

and 2.008 eV belong to the impurity isotope '%5Gd
ing as a result of the decay of radioactive '%3Gd, is denoted by the arrow.

192Gd 4 re — 19303 (241.6 days) E—C—> 1830,

‘where E.C is electron-capture,

The resonance of

The resonance at E,
u, appear-—

153
E

2.658

Measurements were made of the transmission of the sample before irradiation and after

each irradiation with a resolution of .1, 0.22, and 0.55 usec/n.
weakening of the resonances *°°2157

After the irradiations, a

. . . . 5 .
Gd and an intensification of the '°°:?5°Gd resonances was
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TABLE 2. Change of Concentration of Gado-

linium Isotopes, Relative Units

[Neutron
. Time of irra- fluence,
[ERIR) 150Gd 155Gd
dition ‘ 10%° cm-?
Before irradiation { 1,0 0 1,0 0
First irradiation, 0,960 0,0365 | 0,28 0,236
15.2 days
Second irradiation{ 0,926 0,0483 | 0,091 0,444
23.9 days
Third irradiation, | 0,855 | 0,0623 | 0,007 | 0,910
47.8 days

observed in the transmission, as a result of burnup of the strongly absorbing '°°’'*’Gd and
their transition to *°®***°Gd. Resonances caused by the buildup in the sample of 1%3Gd were
not detected. 1In order to observe the resonances, according to estimates a sample thicker
by a factor of 10 is necessary. The results of the measurements in the region of 0.025-4 eV
(resolution 1 usec/m) of the observed cross section of the sample, referred in all cases to
the initial concentration of '®?Gd, are shown in Fig. la. The main contribution to the cross
section after the first two irradiations. is made by 185515764 (22.1%, and 8.5% of the initial
composition of the sample). Observation after the change of strength of the resonance with
energy 2.56 eV, belonging to '55Gd, allowed the change of concentration of this isotope in
the sample to be followed, after the first and second irradiatioms, and . the neutron fluence
to be estimated (Fig. 2). This made it possible to calculate the burnup of '32Gd and the
concentration of the '°2Gd formed (Table 2). From a comparison of the values of the parame-
ters gF; obtained after irradiation. with the original, it follows that after the first irra-.
diation the concentration of **°Gd in the sample amounted to 28% of the original, and after
the second irradiation — 9.1 * 0.2%.' After thethird irradiation, the resonance with energy
2.56 eV was not observed, and the neutron fluence was estimated from the burnup .of a sample-
verifier containing '°B: it amounted to 0,47+10%° cm *, which corresponds to a '®°°Gd concen-
tration of 0.7% of the original. '

In all cases, the contribution of ‘°°Gd was subtracted from the observed cross section of
the sample (the contribution of *°7Gd is negligibly small, as the isotope burns up almost’ com-
pletely after the first irradiation). The results obtained, equal to (after the i-th irradia-~
tion) : ’

Oiobs = 10 (152Gd) -+ ;0 (193G d) | /ngo (*°2Gd),

were used for finding the energy dependence of the 15204 and *°°Gd cross sections. Moreover,
an additional experiment was run: After the lapse of 287 days after the second irradiationm,
the measurements of the transmission of the irradiated sample were repeated (see Fig. 1b).
This was done in order to determine the contribution of 13364 to the observed cross sectiom.
with E, = 0.0253 eV, the difference in the observed cross secticns amounted to 410 * 90 b.
Figure lc shows the final results of the determination of the cross sections of *22@4 and
15504 in the energy range 0.0253-0.6 eV. With a neutron emergy of 0.0253 eV, the total cross
sections amount to 1100 # 230 b for '°2Gd, and 14,000 + 3000 b for '°°Gd. The energy depen~
dence o¢(Ep) for *°2Gd is .close to linear; the energy dependence o {Ep) for *°3Gd is similar
in form to .the dependence_ot(E) for '*°Gd, for which there is a resonance for Ej = 0.0268 eV,
It may be supposed, therefore, that there exists a resonance also‘for'”sacd, for a neutron
energy close to zero. :
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CROSS SECTIONS OF THE INTERACTION OF FAST NEUTRONS WITH CHROMIUM
AND ITS ISOTOPES

I. A. Korzh, V. A. Mishchenko, : UDC 539.172.4
M. V. Pasechnik, and N. M. Pravdivyi

Apart from the interest in terms.of pure physics, research on the scattering of fast neu-
trons by chromium and its isotopes, the determination of the scattering cross sections, and
research on the scattering dynamics are of great practical importance because chromium is one
of the most important components in the building materials of nuclear installations, and its

- use in relatively large amounts (-~30% of the composition) in the fuel elements of fast reac—

tors with a dissociating gaseous coolant appears promising. Therefore, many measurements of
neutron cross sections have been made on chromium: Measurements were made of the total cross
section [1-3], the cross section of elastic scattering [3-17], and the cross section of in-
elastic scattering in the excitation of discrete levels of isotopes by recording the gamma
quanta’ released [18-20] or by recording the inelastically scattered neutrons [3, 16, 17, 21].
In all cases, except for [17], the scattering cross sections were measured on chromium sam- -
ples with the natural isotope composition. But the energy range of interest from a practi-
cal viewpoint was not always:adequately investigated. Apart from this, there exist substan-—
tial differences between the results of the various authors, particularly at energies below
3 MeV. It is therefore necessary to make systematic cross section measurements of adequate
precision. -

When measurements are made on the separated isotopes, the cross sections of inelastic
neutron scattering in the excitation of discrete levels can be obtained with high precision
and ‘reliability. We used the time-of-flight technique with high resolution of [22, 23] to
measure the cross sections of elastic and inelastic scattering of neutrons at the energies
1.5, 2.0, 2.5, and 3.0 MeV at °°Cr, *2Cr, and *“Cr samples [24-26] and at the energies 5.0,
6.0, and 7.0 MeV at a °°Cr sample [27, 28]. . '

Figure 1 shows as an example'theidifferential cross sections which. we obtained for the
elastic and inelastic scattering of neutrons under excitation of the two lowest levels of

~ the °*Cr nucleus and at a neuttron energy of 1.5-7.0 MeV. The datawere compared with the re-

sults of calculations based on the optical model (OM) and averaged parameters of the potential
[29] or with themethod of strong coupling of channels (ChC) [30] or with the statistical Haus-
er—Feshbach-Moldauer (HFM) model [31]. The authors of [34, 35] have described the calculation
of the cross sections according to a statistical model in which both discrete *2Cr levels up
to an energy of 4.8 MeV and higher excited levels in the form of a continuum with a level
density defined by the Fermi gas model of [32] were taken into account with the parameters
from [33]. It follows from Fig. 1 that the reduced scattering cross sections indicated can

. be rather well described with the optical-statistical approach.

Figure 2 illustrates energy dependences of the integral cross sections of elastic scat-
tering.” The dependencies were obtained by usand by other authors. Figure 2 imncludes data
on the total cross sections and the average cosine of the angle of inelastic neutron scatter-
ing. For the purpose of comparing with the results of model calculations, all cross sections
obtained with a resolution <50 keV were averaged over an energy interval of 200 keV. It fol-
lows from the figure that the differences between the results of measurements which were made
of the cross sections in three different laboratories do not exceed 7-10%. The situation in

the case of cross sections of elastic scattering is similar. A rather large number of data

‘for’ the cross section of elastic scattering, particularly for the lower part of the energy

range considered, is available, but the spread of the data is increased at energies <3 MeV.

Translated from Atomnaya Energiya, Vol. 57, No. 4, pp. 262-266, October, 1984, Original
article submitted May 21, 1984, : )
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Fig. 1. Differential cross sections of elastic (a) and in-.
elastic (b) scattering of neutrons by 520y nuclei: @) exper-
imental cross sectioms; ) cross sections calculated with
the optical model and the statistical Hauser—Feshbach—Moldauer
model; —e—e—e—e—) cross sections calculated with the model of
strong channel coupling and with the statistical Hauser—Fesh-"
bach—Moldauer model; esees) cross sections calculated with the
model of strong channel coupling.

A rather strong resonance structure is observed in the data on the average cosines of the an-
“gle of elastic scattering at neutron energies <2 MeV; though the form of the energy dependence
is the same in the three groups of data [7-9], considerable systematic differences can be ob-
served. The agreement between the data of the various researchers is better at higher ener-

gies. - ' '

Figure 3 illustrates the energy dependences of the integral cross sections of inelastic
scattering of neutrons at 0.5-9.0 MeV and with an excitation of the three lowest ‘levels of
the >2Cr nucleus. It follows from the figure that at neutron energies <3 MeV, a considerable
spread of the data exists, with the spread often exceeding the experimental errors. But this
refers to data obtained in measurements of the yield of gamma quanta accompanying the inelas-
tically scattered neutrons. The results of the present work are in good agreement with the
general form of the energy dependence and help to eliminate the existing. inconsistencies be-
tween the data of many authors. In addition, our data at energies >5 MeV fill the gaps in
the cross section data.

The experimental data represented by Figs. 2 and 3 were compared with the results of
model calculations made with the optical—statistical-approach in the optical model, the strong
channel-coupling model, the Hauser—Feshbach—Moldauer model, and the statistical Hauser—Fesh-
bach model of [36]. Even when a set of averaged parameters of the optical potential was em-
ployed, a rather good description of the experimental results in the energy range under con-
sideration was obtained, except for the total cross section and the cross gection of elastic
scattering at energies <3 MeV. For the purpose of comparing with experimental data, with the
results of model calculations, and of the data among themselves, Figs. 2 and 3 include the
results of the well-known calculations made with BNAB-78 (TsYaD-1). [37], TsYaD-2 [38], ENDF/B
1V [39]}, ENDF/B V' [40], ‘KEDAK-3 [41}, and JENDL-1 [42] with the corresponding averaging over

the energy interval.
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Fig. 2. Energy dependences of the total cross sections, the in-
tegral .cross sections of elastic scattering, and the average co-
sine of the angle of elastic scattering of neutrons in the energy
range 0.5-9.0 MeV: 1) data of I1]; 2) data of [2]; 3) data of [31;
4) data of [4]; 5) data of [5]; 6) data of [6]; 7) data of [71;
§) data .of [8]; 9) data of [9]; 10) data of [10]; 11) data of
T111; 12) data of (12]; 13) data of [13]; 14) data of [14]; 15)
data of "[15]; 16) (isotope) data of [17]; 17) data of [24-28].
The .curves represent the results of calculations made with the
optical model and the Hauser—Feshbach-Moldauer model and also

the data of new calculations with BNAB~73 (TsYaD-1) [37], ENDF/ BV
[40], KEDAK-3 [41], JENDL-1 [42], and KIYaI-83.

As put into evidence by the example of the ENDF/B V calculation, the results of the cal-
.culation of the total cross sections are, in general, in good agreement with the experimental
data. The results of calculations of the cross sections of elastic scattering differ signi-
ficantly. The total set of experimental cross section values is in best agreement with the
ENDF/B V calculation data. - Substantial differences, particularly at energies <2 MeV, are ob-
served between the calculated results of the average cosines of the angle of elastic scatter-
ing. The discrepancies may be explained by the fact that some of the calculations were based
on one or the other experimental work. Naturally, calculated values of greater reliability
can be obtained when all experimental data are included in the considerations. We used this
principle when we calculated the average cosine of the angle of elastic scattering (KIYaI-83),
as indicated in Fig. 2. '
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Fig. 3. Energy dependences of the cross sections of inelas-
tic scattering of neutrons in the case of excitation of the
three lowest levels of the ~*Cr nucleus: 1) data of (213 2)
data of [16]; 3) (isotope) data of [17]; 4) data of [18]; 5)
data of [19]; 6) data of [20]; 7) data of [211; 8) data of
[24-28]. The curves represent the results of calculations
which were made with the statistical theory, disregarding
the fluctuations of level widths (HF, Hauser—Feshbach model)
or with the fluctuations included (HFM, Hauser—Feshbach—
Moldauer model), with the model of channel coupling (ChC);
the curves also relate to the data of the modern calculations
with TsYaD-2, ENDF/B IV, and ENDF/B V.

The significant differences between. the results of the calculations of the cross sections
of inelastic scattering (see Fig. 3) reflect the differences in both the approach and the cal-
culation procedure itself. The results of calculations based on the totality of available data
on cross sections can be accepted with greater confidence. In view of the information repre-’
sented in Fig. 3, we may say that at the present time the TsYaD-2 calculations reflect the
contemporary state of the data in a better way than any other calculation. - '

It follows from Figs. 2 and 3 that new experimental cross section data for chromium and

. its isotopes would be useful for both removing the remaining inconsistencies in the data char-
acterizing the lower part of the energy range considered and filling the gaps in the data of :
the upper part of the range. However, reliable estimates of the scattering cross section can
be obtained for chromium on the basis of the available experimental data; the development
state of the optical-statistical model allows a rather precise interpolation;aud‘extrapolatién
of the data to energy ranges for which no data are available or where the data are not ade-

‘quately reliable.-

The authors thank A. V. Ignatyﬁk and V. P. Lunev for useful discussionslbf their results.
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SPECTRUM OF SECONDARY NEUTRONS AND CROSS SECTION OF THE (n, 2n)
REACTION AT NIOBIUM

A. A. Lychagin, V. A. Vinogradov, . UDC 539.171.017
0. T. Grudzevich, B. V. Devkin,

G. V. Kotel'nikova, V. I. Plyaskin,

and 0. A. Sal'nikov

The present article reports on the results of measurements and on an evaluation of the
emission spectra of neutrons from niobium nuclei; the results were obtained with the time~of-
flight technique. The initial neutron energy was: 14 MeV. In order to'obtaih'high resolution
at high energies, a lower energy threshold, and high statistical precision in the low-energy
part of the spectrum, the measurements were made with two flight bases. On a flight base of
7 m, the time resolution was 0.65 nsec/m at a threshold of 0.5 MeV; on a flight base of 2.4 m,
the corresponding values were 1.3 nsec/m and 0.1 MeV, respectively. A detailed description
of the spectrometer, the measurement procedure, and the calculatlon of the errors has been
published in [1, 2].

The spectra of scattered neutrons were measured under angles of 30, 45, 60, 75, 90, 105,
120, and 135°. The evaluation of the spectra rendered for each of the flight bases the in-
tegral spectra which are in good agreement except for the spectral region above 9 MeV. Owing
to the better time resolution, the elastic peak could be established with greater precision
in the spectra measured on the 7-m flight base. Therefére, in the high-energy part of the
spectrum a peak which seems to result from collective excitation of lower levels could be ob-
served. The peak is smeared because the initial energy of the neutrons changed in the mea-
surements withthe variation of the angle of scattering; the angle of scattering was varied by
moving the sample.

The analysis made use of the integral spectrum which had been obtained as follows: The
energy range between 0.2 and 1.5 MeV was determined on the basis of the measurements with the
2.4-m flight base; the range above 9 MeV was considered with the 7-m flight base; the range
between 1.5 and 9 MeV was determined by averaging the results of both measurements and by
taking into account the errors of each. 1In Fig. 1 the spectrum is compared with the data of
other authors [3-5]. :

We calculated the spectrum of the primary neutrons to obtain the spectrum of the second-
ary neutrons. The spectrum of the primary neutrons was subtracted from the experimental to-
tal spectrum of the inelastically scattered neutrons. Two versions of the appreach to the
determination of the spectrum of the primary neutrons were used: 1) description of the spec-
trum in the form of a sum of an equilibrium part calculated with the statistical theory in the
Hauser—Feshbach—Moldauer formalism and a contribution of direct processes in accordance with
[6]; and 2) description in the form of a sum of an equlllbrlum part defined as above and a
preequ1llbr1um part described with the exciton model.

In the first version, the equilibrium part of the spectrum was described with the SMT-80
program of [7]. The permeablllty coefficients were calculated with the optical model having
the potentials of [8]. The density of the nuclear levels was calculated with the Fermi gas
model with a "backward shift." The value of the "backward shift" was A ='0.25 MeV and the
parameter of the nuclear level density was @ = 11.07 MeV™' in accordance with [9] for an ini-
tial neutron energy of 5-8 MeV. The nonequilibrium part of the spectrum was calculated as in

[6l.

A combined calculation was made in the second version with the STAPRE program of [10],
wherein the equilibrium part was described in the same fashion as in the: first version, but
with A = —0.25 MeV and ¢ = 10.94 MeV '. By contrast to [11] where the parametrization of the
pre-equilibrium part was made with theset of experimental data of other researchers, we used
in the present work the experimental spectrum we had obtained.

Translated from Atomnaya Energiya, Vol. 57, No. 4, pp. 266-267, October, 1984. Original
article submitted May 7, 1984, '
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Fig. 1. Integral spectra of neutrons inelastically scattered
at niobium nuclei: 0O) our work; @) [3]; O) [4]; A) [5].
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The cross section divided by 4m is plotted to the ordinate.
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"Fig., 2. ~Comparison of the results of the calculation with the
experimental data: ) experiment; ) total spectrum calcu-
lated with the STAPRE program; =-<--) spectrum of the primary
neutrons (version 1); eesee) equilibrium part of the spectrum
(version 1); —ee—) contributien of the'direct-processes (version
1); —ee+—) pre-equilibrium emission- (version 2); x) spectrum of
the secondary neutrons (version 1); +) spectrum of the secondary

neutrons (version 2); —e—) spectrum of the secondary neutrons ac-
cording to the -STAPRE program.

The primary-neutron spectra calculated in the two versions are in good agreement and

“therefore only one of them is shown in Fig. 2, Apart from the primary-neutron spectrum, the

STAPRE program also allows the calculation of the secondary-neutron spectrum, wherein the
possible cascades of the emitted particles and competing channels, among them the y transi-

“tions, can be taken into account. It is therefore possible to compare the results of the

calculations with the experimental data in the entire-energy range. Good agreement of the
calculated spectrum with the experimental spectrum is observed at scattered-neutron energies
of up to 9 MeV. The discrepancies between the data at energies in excess of 9 MeV can obvi-

‘ously be explained by the contribution of collective _excitation‘s which are not described with

the model used in the calculations.
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of the calculation of the primary-neutron spectrum and the secondary-neutron spectrum calcula-
ted with the STAPRE program. All spectra agree within the experimental error limits. A cer-
tain difference in the low-energy part of the secondary-neutron spectrum calculated with the
STAPRE program can be explained by the fact that the program takes into account two . competing
(n, n'y) channels and the emission of secondary neutrons due to the exclusion principle im-
posed by the condition of conservation of the angular momentum, whereas this influence is
compensated for in the experimental spectrum by the possible competition between (n, yn ') chan-
nel of the decay of highly excited states, as indicated in [12].

The data processing rendered the following values for the cross section of the {(n, 2n)
reaction: in the first version of ‘the calculation, 1360 * 96 mb, in the second version, 1375 %
96 mb, and in the version calculated with the STAPRE program 1347 mb. These values-are obvi-
ously in good agreement among themselves and with the results of [13] where the cross section

oj = 1350 * 98 mb was obtained.
n,=2n
‘ LITERATURE CITED

1. A. A. Lychagin et al., Preprint FEI-1406, Obninsk (1983).

2. A. A. Lychagin et al., Preprint FEI-923, Obninsk (1979).

3. 0. A. Sal'nikov et al., Nuclear Constants [in Russian], No. 7, Atomizdat, ' Moscow. (1971)

p. 134.

4, J. Kammerdiener, UCRL—51232 Lawrence .Livermore Laboratory (1972), P 133,

5. D. Hermsdorf et al. ZFK-277 Dresden (1974), p. 2265.

6. 0. A. Sal'nikov, "Inelastlc scattering of neutrons in the range of. overlapplng levels,"

Doctoral Dissertation, Physics and Mathematics, RIAN,. Leningrad (1975).
7. N. N. Titarenko, Preprint FEI-1260 [in Russian], Obnlnsk (1982).
8. C. lLagrange, in: Neutron Physics [in Russian], Part '3, Moscow (1976), p. 65.
9. S.P. Simakov et al., Yad. Fiz., 38, No. 1(7), 3 (1983).
0. M. Uhl and B. Strohmaier, Report IRK 76/01, Institute fiir Radiumforschung und Kernphysik,
. Vienna (1976), p. 27. . . A i
11. A. A. Lychagin et al., Preprint FEI-1385.[in Russian], Obninsk (1983).
12. Yu. E. Kozyr' and G. A. Prokopets, Yad. Fiz., 26, No. 5, 927 (1977).
13. J. Frehaut and G. Mosinsky, in: Neutron Physics [Russian translation], Press of the Cen-
: tral Scientific-Research Inst of Atomic Information (TsNIIatominform), Moscow, Vol. 4,
(1976), p. 303. -

728

Declassified and Approved For Release 2013/02/22 : CIA-RDP10-02196R000300050004-3




Declassified and Approved For Release 2013/02/22 : CIA-RDP10-02196R000300050004-3

NEUTRON GENERATOR WITH YIELD OF 10'? gec~?

G. G. Voronin, A. N. Dyumin, A. V. Morozov, UDC 621.039.556
V. A. Smolin, G. V. Tarvid, and B. B. Tokarev

Neutron generators with energies of 14 MeV based on deuterium-beam accelerators employing
the reaction T(d, n)“He are one of the most practical sources of neutrons. They are widely
used in investigations in physics and radiobiology and also when solving a number of applied
problems (including the engineering problems of thermonuclear synthesis, activation analysis,
problems of radiotherapy, etc.). Neutron generators NG-150 with a yield of 2e10'* sec™® [1]-
are presently manufactured in the Soviet Union, and while these are widely used, they do not

meet the requirements of several fields of science and technology.

Investigations have been carried out with the aim of creating a neutron generator with
a yield of up to 10'? see *. These investigations have led to the solution of many of the
problems concerned with the creation and formation of a beam of deuterium ions at currents of
up to 20 mA and energies of 160 keV in the continuous mode. Target assemblies have been de--
veloped capable of receiving up to 4 kW [2]. A neutron generator of this type has been start-
ed up and tests carried out onthe first trial batch of tritium targets made by the Institute
of Nuclear Research of the -Academy of Sciences of the Ukrainian SSR.

A diagram of the neutron generator is given in Fig. 1. An accelerator with a vertical
accelerating tube enables deuterium-ion beams at currents up to 20 mA and .energies of 160 keV
to be focused on the target with spot diameteérs of ~20 mm. Vacuum pumping is carried out by
NMDO-025~1 pumps.. ' '

" A duoplasmotron ion gun enables deuteron beams of up to 30 mA to be achieved at discharge
currents of v5 A. The nascent component of the beam comprises 70%.. The use of cermet joints
and metal seals for the gun electrodes reduces the content of heavy ions in the beam and im- .
proves the operating conditions of the KP-25V directly heated distributor. cathode. Cathodes
of this type are already in production and have extremely high emission properties and resis—
tance toion bombardment and a high margin in active material [3]. Several cathodes have been
run.up to 1000 h during tests on ion guns, at a discharge current of ~5 A, without any marked
deterioration in emission properties. The continuous operating life of the gun is determined
by the enlargement of the emission aperture in the tungsten anode during operation. For a
beam current of up to 20 mA, the best size of emission hole is an initial diameter of 0.3 mm,
at which the leakage of gas into the gun does net. exceed 25 cm®/h, while the service life of
the anode reaches 300 h. The ions are.taken from the surface- of the. plasma penetrating into
the conical expander. The beam passes through the aperture of-the extraction electrode vir-
tudlly without losses at an extraction voltage of ~16 kV, which avoids the need to cool the
electrode system of the initial beam former.

v ‘The acceleration tube is glued together out of porcelain insulators and flat disks made
of stainless steel in which the conical electrodes are set. The physical dimensions of the
ion beam are controlled and the distribution of current density throughout its cross-section-
al area set by varying the voltage on the fdcusing_electrode. Figure 2 shows the way in which
the section of the phase volume and the distribution -of current density change with increase
in beam current. The shape of the-observed phase diagram is determined by aberrations in the °
region of the focusing electrode. The multivelocity structure that arises from the action of
nonlinear focusing forces at beam currents up to 15 mA enables the beam to. form on the target

. with a distribution. close to being uniform, which is important as a means of reducing the

thermal loads on the target and fully utilizing the tritium in the active layer of the target.
Higher values of beam current distort the increase in size, and a proportion of the deuterons
strike the aperture stop ahead of the target, due to the increase in beam diameter.

Translated from Atomnaya Energiya, Vol. 57, No. &, pp. 268-270, October, 1984, Original
article submitted May 28,'1984.
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Fig. 1. Diagrammatic representation of neutron generator: 1) ion gun; 2) palladium
filter for introducing deuterium; 3, 4). extraction.and focusing electrodes; 5) accel-
erating tube; 6) accelerating electrode; 7) vacuum chamber with magnetic—discharge
pumps; 8) vacuum trap; 9) aperture stop; 10) beam chopper; 11) rotating vacuum con-
nection; 12) target; 13) system for cooling target.

Fig. 2. Section of.phase volume of beam and distribution of current density for dif-
ferent values on target: a) ‘I = 18 mA; b) I = 12 mA; c) I = 8 mA.

 Fig. 3.  Target assembly: 1) ion guide from accelerator; 2)
base of target; 3) flange; 4) target holder; 5) vacuum seal;
6) target; 7) screen; 8) water intake; 9) bush; 10) sealing
ring; 11) rubber seal; 12) pin; 13) pressure flange; 14)
channel for cooling water; 15) channel for. prevacuum pump;
16) channel for high-vacuum pump; I) rotating vacuum seal
unit. :

A target assembly has been created for a mneutron generator for use with a 90-me~diameter
target having a spherical substrate and an active layer in the form of a ring. The output
surface of the target is cooled by water which is fed into the gap between the substrate of

The vacuum seal for the connection to the

rotating assembly takes the form of a ring with two sealing surfaces made of expanded-fluoro-
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is additionally pumped .out by the prevacuum pump (Fig. 3). The average wear rate of the seal
material does not exceed 107" g/h at 1000 rpm, while the service life of the seal rings reach-
es several thousand hours. No variations were observed in a total of ~1500 h of operation.

A study of the temperature conditions of the target using a radiation temperature transducer
installed in the vacuum ahead of the target showed that the element temperature did not exceed

50°C when the beam was deflected from it. The flow rate of the water cooling the target was
6 liters/min. '

The neutrons were obtained via the reaction T(d, n)“He. A tritium—titanium target was
used. The layer of titanium was applied to the substrate from annealed oxygen-free copper in
the form of a ring with external and internal diameters of 70 and 30 mm, respectively. The
thickness of the layer was 1.5-4 mg/cm?. The total activity due to the tritium was 20-90 Ci
(1 Ci = 3700+10*° Bq), which corresponds to a ratio between the number of atoms of tritium
and titanium of 0.7:1.

The irradiated target was mounted immediately following the accelerating tube. The deu-
terium beam comprises both atomic and molecular components. The yield of neutrons was pro-
portional to the target current over quite a wide range. The absolute value of the yield was
determined from the activity of the copper foil in the reaction ®3Cu(n, 2N)°®2Cu with an ac-
curacy of ~5%. Its initial value was 10'? sec™ at a deuteron current of 15 mA and an accel-
erator voltage of 160 kV. '

The variation in the neutron yield as the target was irradiated by deuterons was moni-
tored by a scintillation detector and proportional counter filled with ®He. The fall in the
neutron yield with irradiation time was found by finding the summated number of deuterons hit-
ting the target. This relationship was practically exponential for all targets studied. The
yield was halved after about 2 h at a target current of 15 mA. This corresponds to a total
charge of 100 C or 3.5 C/cm®. ' '

The proposed equipment is relatively simple and reliable in operation. The generator was
switched on and controlled from a control desk. The warm-up time comprised several minutes.
This prevented the deuteron beam from striking the electrodes of the accelerator tube and
heating them up. The passage of the beam through the ion-optical system was monitored by in-
struments on the control desk. The ion generator is relatively small in size, its length from
the ion gun to the target (see Fig. 1) being 1840 mm.

A voltage doubler scheme based on an IOM-100 transformer serves as the source of high
voltage. This can supply a direct current of .up to 50 mA on a continuous basis. The heater
supply to the ion gun, which is at high potential relative to ground, is obtained from an ac
generator which is insulated from ground. The voltage on the electrodes of the accelerator
tube comes from a voltage di?ider with a total resistance of 30 MR.

The neutron yield of 10'? sec™ 4is about an order. of magnitude greater than that obtain-
able from the best Soviet-produced equipment of this type. Finally, the minimum distance be-
tween the active layer of the rotating target and the sample being irradiated, situated. out-
side the equipment, is 5 mm.. Under these circumstances, the neutron flux is several units

times 10'' sec 'ecm™2, for a deuteron beam of ~20 mm.

In conclusion, we would like to express our grétitude to Yu. B. Evdokimov and L. M. Niki-

tin for their considerable assistance in carrying out this work.
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USING A LINEAR POLARIMETER FOR INVESTIGATING THE y RADIATION
OF AN (n, n'y) REACTION

L. I. Govor, A. M. Demidov, 0. K. Zhuravlev, UDC 539.17:539.14
V. A. Kurkin, and Yu. K. Cherepantsev

When fast neutrons are inelastically scattered, in the majority of cases an oriented
nucleus is formed in an excited state which is dexcited through linearly polarized gamma
quanta having an angular anisotropy with respect to the beam of the incoming neutrons. In
the last few years, measurements of the angular distributions of the gamma quanta of the (n,
n'y) reaction with fast reactor neutrons have often been made. The high intensity of the
neutron beam at the target and the excellent noise conditions of such experiments have made
it possible to measure angular distributions of 15-20 vy tramsitions between the lower levels
of a nucleus. In spherical even—odd nuclei, the transitions are of.the type 2+ > O+, 2t > 2+,
3+ > 2+, 3+ > 4%, 4+ > 2t etc. States with J = 2 or 3 have the maximum population in this
reaction, and, therefore, favorable conditions for investigations of transitions of the type
2+ » 2% and 3t » 2+ exist. By contrast to the investigations of the gamma—gamma angular cor-
relations, in the case of 2+ » 2% transitions, the variability range of the coefficient a.
(in the expansion in Legendre polynomials with do = 1) as a function of § is small (0.03<
as =< 0). It is not always possible to reach the experimental precision which in the deter-
mination of a. would suffice for a unique determination of the multipole mixture parameter §.

Measurements of the linear polarization P of vy quanta are an independent source of in-

formation on.the angular moments of the levels and the multipole mixture parameters in y tran-

sitions. The inspection of the & and P ellipses in a. and a. coordinates for 2+ > 2+ transi-
tions (Fig. 1). has shown that in the majority of cases, a unique determination of the param-
eter § is possible even when the measurements of P are not very accurate and the q. value is
known from angular distributions. A similar situation is encountered in other transitions
with small . values.

By contrast to the angular distributions of the y quanta, the linear polarization depends
strongly upon the difference in the parity of the states between which the transition takes
place. This results from the relation P(E2M1) = P(M2E1)~'. Thus, when measurements of the
angular distribution of the y quanta are combined with measurements of the linear polarization,
in the majority of cases a unique determination of the parameters of multiple mixing of y tran-
sitions is possible and both spins and parities can be determined for nuclear states which are
well populated in an (n, n'y) reaction. Earlier results of measurements of the linear polar—-
ization of the y quanta in (n, n'y) reactions have not been published.

We made measurements on the horizontal channel of the IR-8 reactor of the I. V. Kurchatov
Institute of Atomic Energy. The neutron beam was passed through a filter consisting of a 1-mm-
thick cadmium layer, a 10-mm-thick B,C layer, and a 50-mm-thick uranium layer. The beryllium
cassettes of the reflector of the reactor core had an air gap .opposite the bottom plate of the
channel. This implied a neutron flux increase by a factor of 2.7. The smallest size of the
neutron beam collimator at a distance .of 1 m from the target was 25 mm; the beam diameter at
the target was ~40 mm. The target was mounted under an angle of 45° with respect to the
neutron beam.. We used in our work a '“°Nd sample with a mass of 20 g of the element and a
size of 4 x 5 em; the *“®Nd enrichment was 91.6%.

We measured the linear polarization with a Compton polarimeter consisting of two ger-
manium detectors with a volume of Q: 40 x 40 mm each. One of the detectors acted as a scat-
terer of y quanta and a collimator with a size of 20 x 40 mm was placed before the detector
to transmit the y quanta from the target. The other detector was operated only as an absorber
of the scattered y quanta. The distance between the surfaces of the germanium crystals. was
selected so that the polarimeter properties were optimized (product of the efficiency of the
Compton spectrometer times the square of the polarization sensitivity). In two different

Translated from Atomnaya Energiya, Vol. 57, No. 4, pp. 270-272, October, 1984. Original
article submitted May 10, 1984.
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Fig. 1. P and § ellipse for the 2+ » 2+
transition in '“®Nd.
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Fig. 2. Polarization sensitivity of the
polarimeter.

measurement series, the distance was 3 and 5 cm with an average angle of 67° between the
primary and scattered y quanta. The y radiation from the target was recorded under an angle
of 90° with respect to the direction of the neutron beam (upwards). The pulses of the two
detectors were applied to a summing circuit and to fast and slow coincidence circuits and
thereafter fed into an analog—digital converter with 8192 channels. The resolution of the
Compton spectrometer was 2.3 keV at Ey = 1.6 MeV. The total load of the polarimeter was 40
pulses per second in the case of the "“°Nd sample and a load of 5¢10° pulses per second in
the scattering detector. The detectors were shielded from the neutron beam by a 250-mm-thick
‘layer of polyethylene containing boron carbide, a 100-mm-thick lead layer, and a 3-mm-thick

°Li layer. The y-quanta beam from the target was filtered with a 100-mm-thick pure poly-
ethylene block.

The linear polarization was defined by the ratio P = (1 — NR)/(N — R), where N = Ngo°/
No° denotes the ratio of the counting rates for a particular y line when the plane of the
Compton scattering of the y quanta was perpendicular (Nso°) and parallel (No°) to the plane
of the reaction (n — y plane). The polarization sensitivity R(Ey) was determined with the
aid of the ., a., and § values which we had measured in the case of pure E2 and El transi-
tions in '*°Nd and *“°»*“2Ce. The sensitivity is illustrated in Fig. 2 for a detector spac-
ing of 5 cm. The time of the Ngo° and No° measurements was ~50 h. The geometrical aniso-

tropy of the setup was taken into account by normalizing to the intensity of the vy lines
which have an isotropic angular distribution.

The main results of the experiment are listed in Table 1, which indicates the energy of
the transition, the characteristics of the initial state (J"j) and of the final state (J7g)
(the square brackets include the characteristics which we earlier assumed [1]), the a2, aa,
and § values obtained from the measurements of the angular distributions [2], the type of the
transition, the polarization Pant to be anticipated theoretically on the basis of the a2, a.,
and § values, the experimental polarization Pexp, and the results concerning JT and §. In
addition, linear polarization values, which allow certain conclusions on the multipole char-
acter of the y transitions and J7{ values, were obtained for the following v lines: 527.1 keV
(P = 3.4 (9), E2 transition); 759.32 keV (P = 0.7 (3), E2M1 transition); 825.23 keV (P = 1.7
(6), J" = 4%, 3=, 27); and 935.83 keV (P = 0.58 (14), E2M1 transition, JTj = 3+, 4+).

The authors thank S. A. Nikolaev and Yu. V. Shcherbakov, who participated in the initial
stage of the development of our method. '
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'“®Nd(n, n'y) Reaction
ant
EykeV | gF - 0F az a 5 %xp Result
E2M1 EN\M2 ’
489,96 | [3] > 4* | —0,20 (4)| 0,04 (5) 1/6=0,01+0:0 0,61 (6) 1,64 (16) |2,35(19) JTem5m
0,12*9:08 0,88 (5) 1,44 (7) §=0,03
(5] - 4* 0,03 (2) 0,49 (4) 2,08 (18)
869,23 | 2*—>2*| 0,01(4)| 0,02 (5) 8,347 0,77 (8) 1,20(13) |0,75(7) =+
—0,32(8) 1,87 (6) 0,53 (2) 6=8,3
947,08 | 2+ 2+ —0,06 (4) | 0,01 (4) 1/6:= —0,03+0:9¢ 0,81(7 | 1,23(11) [0,95(14) =+
—0,47 (10) 1,84.(5) 0,54 (2) 1/86=—0,03
1209,92 | [3]—2*| 0,05(5)| 0,06 (6) 1/6 = —0,015+8:038 1,5521) | 0,651 [1,71(38)| JT=3*
0,20 (4) 0,40 (4) 2,50 (25) 1/8=—0,015
1427,4 | [3]—2+| 0,20(5)] 0,02 (6) 0,37 (5) 0,34 (3) 2,9(3) 0,57 (33) Ji=3"
4 2% . 2,0 (%)

Remark. The errors corresponding to the 68% confidence interval are indicated in
parentheses.
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MATHEMATICAL MODELING OF AN NONEQUILIBRIUM FLOW CONSISTING OF
WATER, STEAM, AND AIR

N. I. Kolev _ UDC 621.039.534.2.44

It is necessary in the mathematical modeling of transitional processes in nuclear power
plants with water-cooled nuclear reactors to use the model of a flow consisting of water,
steam, and air. This model.has been developed by means of integration of the conservation
equation [1]. The eigenvalues of the characteristic matrix as well as the form of the system
have not been investigated. However, these important elements of the model determine the
physical essence of the phenomenon being described, since the propagation velocity of perturba-
tions of the dependent variables, which corresponds to the eigenvalues, is finite. Also an
expression has not been presented for the critical mass flow density which corresponds to the
adopted assumptions about the nonequilibrium nature and inhomogeneity of the flow. It is
necessary in the development of this kind of model to bear in mind that one should use a
single mathematical formulation to describe the nonsteady, steady, and critical states of the
flow. Such an approach has been applied in [2] in the description of a nonsteady homogeneous
equilibrium flow consisting of water, steam, and air in distributed parameters. A further
development of this approach for homogeneous nonequilibrium and homogeneous equilibrium flows
has been presented in [3-5]. The aim of this paper is to attempt to create a model of a non-
steady nonequilibrium inhomogeneous flow consisting of water, steam, and air.

Institute of Nuclear Investigations and Nuclear Power, Bulgarian Academy of Sciences,
Sofia. Translated from Atomnaya Energiya, Vol. 57, No. 4, pp. 272-277, October, 1984.
Original article submitted March 9, 1983. -
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- the pressure of both phases is identical; Dalton's law is valid for both components of the

gaseous phase; the temperature and velocity of both phases are different; and the air is the
only ideal gas.

The thermodynamic state of ‘the flow is completely described by the vector

U*T = (p, Te Ty pr)- (1
The mecessary equations of state are as follows:
pL =0Ty, dpy, = RppdT g 4 BT dpy; (2, 3)
| _Pp=p — pr; dpp = dp — dpy; G, 5
dhy 7 c,,;dTg;) (6)
Op=Pp (P, L4 PL);
4 opp . i
0= (505 200 (G )y, 0T (g0e), an [ (392, — (282 ), usu ] . 8
AT (), dom( ), (S2), arr (22 o
where
a - :
o), = (552 )e s [=50]5 @
(%)p'DL:(*Z;—Z)pD’—RLPL (%%%)rg’ [-—g‘;—;] 10y
(%), = —R%Tg(ggz_)%’ [=42] (11)
: h , ,
hp=hp(p, Ty, oL); th:'(%_p”-)Tg’pL dp-+ (%)p. o g+(%—)p, ngpl-’ (12, 13)
Here

(o ' “ohyq -

(B, - (380 [
dh ah : : - '
(32),00= (), o 2), [ 2]
ah o

(%6t Jour, = ~ReTe (52),» [ =52 ] (16)
hi=hs(p, T)); (17. 18)

dh,=(—‘2—’;;f~)Tj dp+ (7L ), 4T

We shall further restrict ourselves to consideration of only a one-dimensional flow.
The very same equations of state can be used -in the analysis of a multidimensional flow.
We shall adopt the equations of mass conservation of the water, steam, and air and the
entropy .conservation equation of the gaseous and liquid phases multiplied by the temperature
of ‘the corresponding phase as the initial point of our discussions:

o Jo ap ap i}
pL(ar T, 0z)+a(-aTL+ngL—)+apLTu;g"=O; (19)
Do\ oy 92 | o 9 ow
Po ( v T %e; ) Fa (‘# Tw, ED_) +app %;‘H; (20)
8 ! ?) ops ) owy _ .
o (Gt ) e (Bt ) oo G -
' oh ahy \ . okp dhp ap ap\ _
@l pn (Gt ws ) oo (G2 4w 52) |- a (2L 4w, o) = (22)
=gg +P[lex—hp+ Aw, (wg —wg)l;
oh ah a ? - .
(1.—-&,) Oy ('-#J(—wj'a—zf') —“(1'—(1) (d_’lr)-—l_wf%) =45 _p'[h’Ex—h'f.{-Aw/ (wf_wj)]' ‘ (23)
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sibility of the liquid is completely justified: o ' 7 -
. ' p; &~ const. : ' (24)
Equation (21) simplifies to

o a0, a ‘
ot TWig—(l—a S = pipy. (25)

Eliminating 3c/3T from Egs. (19) and (21) and making use of the equation of state for
elimination of the derivatives of the density and enthalpy, we shall solve the equations ob-
tained with respect to the time derivatives. Then we obtain

oL BL | A, PL 00 dwg  A—a  ow oL .
e e o e Ly i -k (26)
aTg 0Tg fo. - 6wg . F] .
—aT—‘!-ng—AUJAg a—z—aAg—az——(1—a)Ag ;;f =Bg; (27)
Ty aTy g Owg owy A o0 _p.
D wy T — Awdy G —ady—E — (1 —o) Ay b= dw gy 5p = Br )
F a o dwg ] '
2 1wy SL 4 Aupgar G-+ apat 5 + (1) pea* L =C; (29
F da. \ dwy '
where .
a=ag/aV/?; (31)
cpf=6h,f/0Tj; ch: OhD/HTg; : (32, 33)
chpg= chpl; + pDch; v R (3A)
ok ah i .
hpfzpfa_[,f'_1; hpg=PD*af‘“ ; : (35,36)
— ah ohp :
PL=—PL7,F§=PL~——3PI; ) ; (37
«_. _ o Opp _ 90p | : 38
pL pL apL DL 0PD y ( )
g = PeCpe/(0pp/0T g); : : (39
- a
pgag = [¢re (Pp+ Pf.)—PDPL]/ (C;g _ap_pz_)__ hpg) ; (40)
c— —ag—plhex—hp+Awgwg—wg)—popr/pr—cp (A —PL /PN, 1)
a (c* -ap—D—h )
3 ap prg
Ag=(— ppPr + 0k gD (EPC pg)3 . . (42)
Ay =hp0e0? (01 p1); : ‘ - (43)
Bg= {&g’+ B [hox — hp =+ Aw, (wg— wg) — pppr/ps] — AR peCl/(APsCpp); - (44)
B, —{g)" — 1 [hex—hy+ Bw; (wy—wy) — (1—@) By, CHI(1 — ) pye - (45)

No assumptions of any kind have been made up to now about- exchange of momentum between
the two phases. Equations (26)-(30) are valid independently of further assumptions about the
interphase force interaction. '

The authors of [6] have assumed in their description of pneumatic transporting of a
solid monodisperse phase that the pressure acts only in the gaseous phase and the solid phase
is carried away by the gas by means of mechanical interaction. Thus, .the pressure gradient
appears only in. the equation of momentum conservation of the gaseous phase. This idea has
been used in [7] to describe a two-phase one-component flow in which the gaseous phase car-
ries away thé dispersed liquid. The author of [8] used this idea to describe a one-component
flow consisting of both a continuous gaseous phase and a dispersed liquid and of a continuous
liquid and a dispersed gaseous phase. We shall consider these cases for a two-component flow.
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uuuuuuuuu sopersed
lTiquid:

w g g ~1~ ﬂ _ Y
T + 1y oz " apg Az Zol(py);
Zy== apggcos - fpe (46, 47)
WL gy ol
Jt I ll/ oz ZV/[(i (Z) p/]a (48’ 49)

Zp=(1—a)pgcos Q|- fr.

These equatibhs together with Egs. (26)-(30) completely describe the flow when the vec—
tor of dependent variables '

U"=(pp, Te, Ty, p, W, wy, 0
is used.
We obtain
Ay a=wy Ay=wy A s=wy 2= a5 g =wjy, (50-56)
for the eigenvalues of the characteristic matrix of the system, where
a=aglal/?2— (57)

is the speed of sound and Aa,s characterize the propagation velocity of a pressure perturba-
tion and the velocity of the gas. »

2. For a bubble flow the system takes on the following form:

(26)
27
(28)
(29)
ow w
hmg +w, ng: — Zgl(opy); (58)
duw awy 1 ap .
Tt amay a = A= e o9
(30)
Mo=wg h=wi h=wta; d=wg (60-65)
he=w;—a; A =wy,
where \
. Py A 1/2 (66)
a-—ag/ (p_g CC)

is the speed of sound and A.,s characterize the propagation velocity of a pressure perturba-
tion and the velocity of the liquid.

Let us consider the limiting case of a homogeneous flow when Aw = 0, wg = wg =w. It is
corivenient to adopt :
UT':(va Tga ij 0, P, lU) (67)

as the vector of dependent 'variables. We write instead of Eq. (30) the equation of mass con-

servation of ‘a two-phase flow. Tt is noteworthy that the assumption of incompressibility of
the liquid is absent from this ‘equation:

3 01, - pr
7 T adz M(pr ’ (68)
g aTg e . )
T e = Be (69)
aTy aTy _ ()lr___ . 70
7 T Ay 0z—B” (70)
24 Iy a2 o (71)
vt teat =0
737
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v 1 up

R e il A U : - (72).

ap ,_0p aw
7 T tegy =0 (73)
This system of equations has already been derived and investigated by the author in [5]. The

eigenvalues of the characteristic matrix of this system are (5]

A2 3. 6= W5 A s =Wt a, where (74-80)
1/2 -
emarf (0", |
Pg -

Thus, we have obtained for the case under discussion hyperbolic systems of quasilinear
inhomogeneous partial differential equations. It is not difficult with the help of the
eigenvalues to obtain linearly independent eigenvectors and to impart a canonical form to
the system. One can use it immediately to construct a numerical solution by applying the
method of characteristics or any of its modifications with specified initial and boundary
conditions.

Applicability of the Models. It is necessary to answer an important question about the
region of application of each of these three systems of equations. If the assumption of in-
compressibility of the liquid was not made, we would obtain Egs. (81)~-(83) for the speed of
sound. A rigorous derivation of these equations is given in [9], in which they are a partic-
ular case of a three-phase three-component flow with the solid phase missing. The conclu-
sions are very extensive; therefore, we shall restrict ourselves here to just recording them.
Assuming af - «, we obtain Eqs. (57), (66), and (80):

- fa {—a Lo & '
a™? =p, (@—7—LW) (81); a =0s 5t _ (57)
2= __a_._ .1_—__£—- . -2 — & H (66)
a = =Py (Pga:, + p;a'f ) (82)v a 0 (‘,Q”‘iy
- (80)

o {—a
2 = e 83 cat=yp B
¢ o ( Pgy | Py ) (53); oy

Equation (83) is similar in its form to an equation of [10]; only the physical content
.of the speed of sound of the gaseous phase, determined with the help of Eq. (40), was changed.
Similar equations of the type (57) and (66) are obtained in [8] for a noncomponent medium.
The numerical results obtained from Eqs. (57), (66), and (80) for the very same parameters dif-
fer. This shows that it is important to take into account the structure of a flow when de-
scribing its dynamic qualities, which is in agreement with the experiment described in [1].
In this paper they measured the propagation of acoustic perturbations in a water—air flow at
a pressure of 1.778 bars (1 bar = 10° Pa) and a temperature of 293.5°K as a function of the
true volume steam content for different flow structures (see Fig. 1). The results for a
homogeneous flow are in good agreement with Eq. (80). One can conclude from this that the
homogeneous model (68-73) is applicable over the entire range of variations of a:

a* < o1, : ‘ ' (84)
where | :
g [a—a (1— 2P g 1 -
ar =1 1—4 (1=E8) |/ 12(1 — pclo)) B (85)

is the lower limit of applicability of the model obtained under the assumption of incompres-
sibility of the liquid. Equation (85) gives very low values of a*, lower by far than the
natural volume content of air dissolved in commercial water.

The inhomogeneous model of a bubble flow gives good agreement with experiment for a speed
of sound a ~ 0.5. This value is the upper limit of applicability of the model and is in good
agreement with the value a = 0.492 indicated in [12] from geometrical concepts.

Comparing the speed of sound obtained from Eq. (57) for an inhomogeneous.drop flow with
the data of [11] for a projectile flow, we obtain good agreement for ¢ > 0.1.

The results of [13] confirm experimentally .the results of [11] for projectile flow, for
which a few "liquid—gas'" pairs are contained per unit length of the pipe. The values obtained
in [13] for the speed of sound for a large number of these pairs are identical with the results
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Lo
i .
Fig. 1. A comparison of the calculated rel-
ative speed of sound in a two-phase flow with
that obtained experimentally as a function of
the true volume steam content for different
flow structures: A) projectile flow (a/ap =
l/al/z); 0) annular (stratified) flow ; Q)

bubble flow [a/ag= 1/ Ea)a“zl and - ~ = ) gjay=
1‘/(&(1)”2 . Pq '
(&

for a homogeneous mixture. The detected agreement offers grounds for advancing a suggestion
about the similarity of the mechanism of propagation of acoustic perturbations in a projec-
tile and a highly inhomogeneous flow with drop structure. And nevertheless the question of -
the applicability of the model (Eqs. 26-29, 46, 48, and 30) for projectile flow or for a

highly inhomogeneous drop flow requires experimental demonstration.

As an alternative method for the description of an inhomogeneous two-component flow, one
can use Eqs. (26)-(30) together with the momentum conservation equation for a two-phase flow:

G a 9p __ 7. = -
'a_t+7z'(U’G2)+nz— Z; Z=pgcosp+R,

where

v = [S*apg + (4 — ) ps]/ps;
s =Sapy+ (1—a) p;.
It is necessary to use an empirical correlation for taking account of phase slipping.
can. select :
U= (pr, T, T4, s @, G)

as the vector of dependent variables. Solving Eqs. (86) by numerical means for G‘ZF‘FA'T

known values of (p, vr, Z‘)'zfv using some explicit or implicit method, we obtain

wg = SGlpg; w; = Glpg;

. Awg - Awg
A=a Ao + .a)TZ'
Then one can write:the system («26)—(30::) as follows:
L oL | A,,PL 2 Pr (B .
F.—i——ll}gw-{"Aw o Gz = o (p!—{—A) M
aTg 0T ¢ L’,C_X-___ ) .
—F_H”gW_ AwA, = .—~Bg+AgA,

(86)

(87)
(88)

One

with

(90-92)

(93)

(94)
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2L 4w, 2 AwA,———AwA,p‘;a SL=B,+A,A: : (95)
(’)1 [ 02 da Pgal s
Fo T we s dz + Aw—= o wm igA' (96)
o fa 1t B Ay

and solve it numerically by some means. If an explicit scheme is used for solution of the
system (93)-(97), the constraint on the time step is not rigorous:

Az :
Ar<:1nu1[ an(lwgl,waHAL' (98)
Conclusion. Four models have been suggested for the description of a one-dimensional
flow with a water—steamair makeup in a system for accident localization from coolant losses,
and three have been suggested with proven hyperbolic properties. The region of application
of the homogeneous model and the inhomogeneous model using a correlation for phase sliding
is practically the entire two-phase region. The proposed bubble-flow model is applicable up
to a s 0.5. :

It is necessary to determine experimentally the region of application of the model of a
highly inhomogeneous dispersed flow made up of air and gas, since the expression obtained for
the speed of sound in this flow coincides with the speed of sound in a flow with progectlle
structure.

It is not difficult to obtain‘steady systems from the three hyperbolic systems of equa-
tions. Solving them with respect to the spatial derivatives, one can obtain an expression
for the critical mass flow density. ‘

. 2

NOTATION

A, area; a, speed of sound; cp, specific heat at constant pressure; fr, drag force re-

. ferred to unit volume of the flow; G, density of the mass flow; g, gravitational acceleration;
h, specific enthalpy; p, pressure,_q“', thermal power referred to unit volume of the flow; R,
gas constant; T, absolute temperature; w, velocity; W = (wg = wE)/2; Awj = (wex — wj); z,
linear coordinate; ¢, angular coordinate; o, volume gas- content; A, finite difference, 9, par-
tial differential; A, eigenvalue; p, rate of phase transitions; p, density; v, time.

SUBSCRIPTS

L, air; D, steam; f, water; g, gas; ex, phase which yields mass; p, T, p..., const p, T,
pess3 I, impulse equation. '
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BUILDUP OF RADIONUCLIDES IN NICKEL AS THE RESULT OF ELECTRON
AND y IRRADIATION

N. L. Emets, V. G, Batii, ‘ UDC 539.172.2
Yu. V. Vladimirov, Yu. N. Ranyuk, ' -
E. A. Shakun, and V. A. Yamnitskii

Beams of high-energy electrons and y quanta find a wide application in activation analy-
sis and also in the simulation of the action of fast meutrons on materials [1]. The develop-
ment in targets of electron photon showers leads to the appearance in the body of the sample
of high-energy y quanta, the interaction of which with the target material mainly is similar
to the interaction of neutrons {2], in particular, in the buildup of helium. The relation
between the helium buildup and the amount of primary radiation defects for different parts
of the sample is found to be close to that obtained during irradiation in different reactors.

At the same time, the irradiation of materials with y quanta has its special features by
comparison with neutron irradiation, first of all in the buildup of residual nuclei. It is
well known [2] that the mass spectrum of the products of nuclear reactions in the case of
vy irradiation is significantly broader than in the case of irradiation with neutrons. This
should be taken into consideration in simulation experiments, for example, in the selection
of the energy of the primary electron beam. During irradiation with a beam of electrons,
radioactive nuclei will be built up as a result of reactions caused both by bremsstrahlung
photons and by electrons, especially in the surface layer of the samples.

The calculated values of the formation of primary defects and the buildup of helium coin-
cides well with those obtained in the corresponding direct experiments. However, in the region
of medium energy values, a definite inadequacy is observed of experimental data about. the
yields of radionuclides during electron and Yy irradiation of structural materials used in
accelerator -and reactor technology.

7 In the light of this, the yields of Ni and Co nuclides during the irradiation of a target
of natural nickel were determined (Table 1). Their reactions of formation are shown for a
given primary contribution of the interaction of photons with 58Ni nuclei.

An assembly of three targets in the form of chemically pure nickel foils, with a thick-
ness of 50 + 300 + 50 um, was irradiated in the LUE-300 linear accelerator of the Khar'kov
Physicotechnical Institute, Academy of Sciences of the Ukrainian SSR. The yields of nuclides
from the electrodisintegration of Ni were determined from the activity of the first target,
directly irradiated with the electron beam (the contribution due to photeoactivation with the
vy quanta generated in the target itself, did not exceed a few percent). The second target
(300 pm) was used as the converter. The activity of the third target exceeded the activity
of the second target by a factor of two approximately, i.e., the contribution due to electro-
and photonuclear reactions ‘was approximately identical. With this target thickness, the pho-
tons make an appreciable contribution to activation, and the electron beam is almost unattenu-
ated which, with good accuracy, allows the yields of. the photonuclear reactions to be deter-
mined. The absolute intensity of the electron beam was measured with a secondary emission

~delta-electron monitor.

Irradiation was carried out during 2 h in a vacuum chamber joined directly with the ac-
celerator. The purity of the electron beam was ensured by means of a parallel transfer sys-
tem. The size of the beam at the target was ~4-6 mm, with an average current of ~2 pA and an
energy spread of *0.6%. The y-activity was measured with a Ge(Li)-detector with a volume of
~40 cm® and a resolution of 3.5 keV.

The independent yields o of the Ni isotopes and the cumulative yield of-°°Co were deter-
mined by the formula A
N=aKo(t—e i ) o hotatt —e™m ),

Translated from Atomnaya Fnergiya, Vol. 57, No. 4, pp. 278-279, October, 1984. Original
article submitted November 23, 1983.
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Transi-
Nuclide |Half-life |tionener Reacton | 'I:ype of
| gy, kevV | yield

YING 5,99 h 1373 (v, n) Independent
| =Ni | 6,14 158 | (v, 200 | Same
B 07 271,604 122 1 (v, p) ‘ » »

56Ca 18,76 d 847 (v, pnd LK

Co 17,54 h 931 { (¥, p2n) |Cumaulative

TABLE 2. Yields of Radionuclides

E, MeV

Nuclidd — —
: {100 125 150 175 | 200 225
N 11,6* | 12,1 ] 10,2 8,0 1 10,6 12,0
8,9 9,1 9,2 | 9,4 9,4 —
segi | o4 | 1,22 | 4,07 | 4.21 | 1,39 —
' — — 1,26 | 1,36 — —
srce |_28:9 | 18,0 | 25,0 | 32,8 | 26,4 —
© 23,3 23,8 | 24,1 24,4 24,6 -
s6co | .2:48 1 0.75 | 1,05 | 0,75 | 1,39 2,3
{ 0,71 | 0,88 0,95 1,13 1,22 —
sago |25 | 0,29 10,30 | 0,39 | 1,34 | 0,62
-] 0,44 0,54 0,60 0,72 0,77 —

*The experimental value is given in the
numerator and the calculated value in the
denominator. :

where N is the number of recorded vy transitions; A is the radioactive decay constant of the
given isotope; K is a coefficient, taking account of the detector efficiency, sample thick-
ness, electron flux, and branching coefficients in the decay scheme;

tiprs thold, and t, are
the times of irradiation, holding, and measurément, respectively. '

The independent yields of *®Co and ®7Co were found by means of the equation

Aohe _ l—)\. 1. . _ _ ALt B _
‘N= K {Up - pd 1—e - P i (1—e-ADtm Ye A'l:'thol(‘:l-|—-————-—'1 ° Slrr (1—e 7'cltl'l'l Je Adthold +
Ad—Lp 5 Kd

(—e *d'm ) e"“a‘hom}' ,

where op is the yield of the parent nuclei (°°Ni or 37Ni); 0d is the yield of daughter nuelei'.”
(°°Co or *7Co), and A\g are the corresponding radioactive constants.

Figure 1 shows the compatible theoretical and experimental values of the photonuclear
(0Q) and the electronuclear (oe) reactions leading to the formation of >’Co and 5’Ni. The
yields of *7Ni for energies of 40 and 80 MeV are taken from [3]. The calculated values of
the yields of radioactive nuclei in the case of photospallation (solid line) were obtained
with the use of programs [4, 5] for a cascade and boil-off model of the nucleus, which occurs
in the composition of the IMITATOR program complex [6]. For the calculation of the yields by
electrospallation of the nuclei (dashed lines), the semiempirical formula [7]
[y 7T E -1 :
G:) =2—a[]nm-—0.51_ . (1)

was used, where E is the energy of the electrons: o = 1/137.
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Fig. 1. Theoretical (—, - - -) and experimental pro-

file of the formation of ~’Co (a) and ®’Ni (b) .in reac-
tions with electrons (QO) and photons (®) in relation
to the initial electron energies: A , A) experimental

data from [3].
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Fig. 2. Experimental yields of Co (e, Z = 27) and
Ni (0, Z = 28), and the calculated mass distribu-

tions of the nuclides (——, ---), with the Eymax =
175 MeV.
Fig. 3. Theoretically calculated (——, ---) and ex-

perimental charge distributions of the isotopes for
E-Ymax=175MeV:A)A—55;.)A=56; 0) A =57.

It follows from Table 2 that there is satisfactory agreement between the experimental
(with an error of ~10%) and theoretical yields of the nucleides Ni and Co in photon nuclear
reactions.

Figure 2 shows the dependence of the yields of Ni and Co nuclides on.the mass number
during the irradiation of natural nickel with bremsstrahlung y-quanta with Eymax = 175 MeV.
The charge distribution of the isobar yields for A = 55, 56, and 57 (Fig. 3) dindicates an
appreciable excess of the yield of the (y, p) reaction by comparlson with the yield of the
(v, n) reaction, also mentioned earlier [8].

The satisfactory agreement between the experimental and theoretlcal data conflrms the
justification of the model approach for the calculation of the buildup of nuclei-residue in
simulation experiments, and the feasibility of using the semiempirical formula (1) for cal-
culating the contribution of the electronuclear reactions. From a comparison of the experi-
mental and theoretical reaction yields for (y, n), (v, 2n), and (y, pn), it follows that the
‘IMITATOR program complex allows the yields of neutrons and other particles to be calculated,
and the buildup of radionuclides to be calculated in structural materials, under the action
of high-energy electrons and y quanta.
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CALCULATION OF THE ABSORBED DOSE OF ELECTRON BREMSSTRAHLUNG

V. I. Tsaev and V. P. Kovalev UDC 539.163:539.124

In order to estimate the radiation conditions in electron accelerator work, it is neces-
sary to-know the absorbed bremsstrahlung dose. We have derived an analytical expression for
the absorbed dose whereby it can be calculated rapidly in the 10-100-MeV energy range.

The absorbed y-radiation dose rate is determined by the expression
py= | ¥ (5 Bu ) an, (1)
{

where N (E) is the y-radiation spectrum, E is the photon energy (MeV), u(E) is the electron
conversion coefficient or the mass coefficient of actual y-radiation energy absorption in air
or in biological tissue (cm®eg™'), B is the normalizing factor (B =(1.6+10"°/100)K), 1.6%10"°
ergeMeV™ ' is the factor which converts the absorbed energy, measured in MeV units, into '
energy measured in erg units, 100 ergerd~? is the energy equivalent of 1 rd, and K is the

quality factor of B radiation (1 erg = 141077 J).

The spectrum of electron bremsstrahlung is continuous and occupies the energy range
from zero to Eo, where E, is the upper boundary value of the energy spectrum, equal to the
initial value of the electron energy. For angles of up to 90°, the bremsstrahlung spectrum
is defined by :

: 1
N A&y, T,O,E)zw(i ), 2

E,R? EE,

where J (Eo, T, 6) is the intensity of bremsstrahlung emitted in the given direction 6 per
unit solid angle (MeVesr™'), J is the number of electrons at the target, R is the distance
between the target and the point for which the dose is calculated, and T is the target thick-
ness (gecm™?).

The values of the coefficients of actual photon absorption in water, air, and biological
tissue are close to each other. 1In the energy range from 1 to 100 MeV, they can be repre-
sented with an indeterminacy of a few percent by the expression

0.15

(3)
Substituting Eqs.  (2) and (3) in expression (1), we obtain
Py (Ey, T, 0)de =208 L Eo T, 8 g o 11 i 11 30, ‘ (4)

E,R*

The theoretical expression for the absorbed bremsstrahlung dose for an electron current
at the target of 1 mA at a distance of 1 m from the target over a period of 1 min is given by

840U (E,. T, 0 ,
Py (B, 1, 0 de = e DN g pin gy 4 1), (5)

where the values of I(Eo, T, 6) can be borrowed from [2].

Translated from Atomnaya Energiya, Vol. 57, No. 4, pp. 280-281, October, 1984. Original
article submitted January 13, 1984,
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Fig. 1. Dose rate of bremsstrahlung in air
from a target with the optimum thickness
for the assigned direction as a function of
the electron energy Eo,. 1) 0°; 2) 10°; 3)
30°; 4) 90°; 5) 180°.

TABLE 1. Absorbed Dose Rate in Air (tungs-
ten—uranium target) (rdem”/(mAemin))

Angle : )
deg 10 MeV 30 MeV 60 MeV 100 MeV
1.55 g-cm™2[5.04¢ -cm27.25 g-cm'z 9,gsg.cm-2
0| 4,24-10% 8,10. 105 5,60 108 2,23-107
10 2,39- 101 1,86-10° 5,25-10° 9,63-10*
30 9,16- 103 4,104 8,271 1,26-10%
60 | 3,68-108 1,16- 104 2,410 | 2,00-104
30 2,00.408 3,65-10% 3,36-10% 3,36-10%
90 0 0 1] 0
120 6,00.102 1,71- 108 1,15 10% —
150 5,00 10 1,44-10°% 1,08 108 —

Table 1 provides the dose fields of bremsstrahluﬁg for a plane—paréllel plate made of
heavy elements (tungsten—uranium) with infinitely large transverse dimensions.

In the forward direction, the absorbed dose rate is expressed by the equation
Py (E)=81E2-"2. ‘ (6)
A relationship close to the above one was described in [31:

Py (Eg)=82E %

=

The discrepancy can be explained by the inaccuracy of the approximation (40%) used in

{3].

In evaluating the radiation situation at electron accelerators, it is important to know
the maximum value of the dose of bremsstrahlung emitted in a given direction 6. Figure 1
shows the values of the absorbed dose rate in air of bremsstrahlung from heavy targets
(tungsten—uranium), calculated by means of Eq. (4). 1In the forward direction, the dose rate
varies in conformity with expression (6), while the dependence of the dose rate on the elec-
tron energy diminishes as the angle increases. At 90° the expoment is equal to 0.91, -while
at 180, it is equal to 0.41. ;

In certain cases, it is necessary to know the percentage composition of the dose. An
expression for the percentage composition of the dose can be derived from Eq. (4) in the
following manner. We use the following integration limits in this expression: E; for the
lower limit, and E, for the upper limit; we have thereby assigned the required energy range.
Then, by performing operations similar to those in deriving the expression for the general
dose, we obtain an expression for the photon dose in the given energy range (E:, E:), and
we divide it by the total dose value (4):
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(7)
Expression (7) characterizes the contribution (on a percentage basis) of the dose in the
(E:, E2) photon energy range to the total dose value in the range from 0 to Eo.
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TRITIUM BALANCE IN THE BALTIC SEA DURING THE YEARS 1972-1982
S. M. Bakulovskii and I. Yu. Katrich UDC 502.55(261.24):546.11%*3

As a result of systematic observations of the tritium content of the waters of the Baltic
Sea, in the rivers flowing into the Baltic, and in the atmospheric precipitation at points
situated along its coasts [1-3], researchers have accumulated experimental data which make
it possible to estimate the balance components of the tritium content of the sea and the re-
lationships among them.

The balance equation for an arbitrary interval of time, assuming no large sources of
local input of tritium into the Baltic Sea, has the following form:

viect pvicipvi i 4

; /Rr pr T mn ll’l
v Wt .
Zevap! evap i

i ]
t—ji mm“hmﬂmt+1_ﬁ b

where V Cpr,.VrCr, VlnCln, and Voutcout are, respectively, the amounts of tritium entering
the sea with the atmospheric precipitation, w1rh the river discharges, and with the inflows
into the sea and the outflows from it. (V% evapfl/l — fi)ci,, . isthe amount of tritium entering
the sea as a result of the exchange of moisture between the atmospheric and the sea surface:
(Vevap/l —»fl)Clgs is the amount of tritium leaving the sea as a result of the exchange be-
tween the atmosphere and the water surface of the sea; Clgs is the concentration of tritium

in the surface water of the Baltic Sea; fi is the relatlve humidity of the atmosphere near

the water surface [4].

For .convenience of calculation, we shall subdivide the time interval under consideration
into one-year periods, and in estimating the balance components, we shall use the annual
averages of the tritium concentration in the sea water, the river water, and the rain water.
To simplify the calculations, we assume that the volumes of water are constant and equal to
their multiyear averages. We shall also assume on the basis of [5, 6] that the annual
average concentrations of tritium in the atmosphere mositure (Ciatm) and the in the atmo-
spheric precipitation (Clpr) are equal, i.e., we shall disregard the coefficient of fraction-
ation of tritium in the phase transitioms, which is equal to 1.11-1.09 in the 15-30°C range.
We shall regard as equal the concentrations of tritium in the surface water of the sea, in
the evaporating moisture, and in the outflow into adjacent bodies of water. As the values
of the annual average concentration of tritium in the aqueous components of the balance for
the Baltic Sea in 1972-1982, we used the data of {1-3, 7-9]. The tritium concentration taken
for the calculations is shown in Table 1. The water-balance components are taken from [4].
Calculations of the tritium balance performed according to the equation given above showed
that during the period under cons1derat10n 200¢10"° Bq of tritium entered the Baltic and
16010*% Bq left it.

Translated from Atomnaya fnergiya, Vol. 57, No. 4, pp. 281-282, October, 1984. Original
article submitted March 26, 1984.
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